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 Forestry operations in the Pinelands National Reserve (PNR) produce significant 
quantities of plant residues, commonly referred to as flailed slash.  The residues consist 
of needles, bark and wood from a variety of pine species that include: pitch pine, Pinus 
rigida, virginia pine, Pinus virginiana, and shortleaf pine, Pinus echinata. Currently, the 
slash material is not being utilized and accumulates as a waste product.  A more 
desirable solution would be to process the flailed pine slash into marketable products to 
provide landowners with an economic incentive that would encourage better 
management practices. 
Three experimental container substrates were produced using flailed pine slash 
of three different ages combined with mushroom compost and dolomitic limestone.  An 
outdoor container production study was performed using conditions similar to a 
commercial crop production system. Three species of woody plants were grown in each 
experimental substrate. Shoot growth was measured by height and dry mass. 
Experimental substrates were analyzed for pH, electrical conductivity, particle size 
distribution and bulk density. 
Flailed pine slash proved to be a successful component of container substrates 
for woody landscape plant production.  Substrates containing 80% flailed pine slash and 
20% mushroom compost, by volume, that were amended with five pounds of lime per 
cubic yard of flailed pine slash were able to sustain commercially acceptable plant 
growth. Substrates containing flailed pine slash, which had been allowed to decompose 
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for three years, produced plants that were statistically better or equal to plants grown in 
medium commercially available to growers. 
 In a second set of experiments, six experimental propagation media were 
developed for use with cranberries. Three media contained flailed pine slash that had 
been allowed to decompose for two years and three additional media contained flailed 
pine slash that had been allowed to decompose for three years. Batches of these media 
were un-amended or amended with either sand or perlite producing a total of six 
different media. After mixing, the experimental propagation media were transferred to 
38 round cell propagation trays. 
Hardwood cuttings of American Cranberry (Vaccinium macrocarpon cv. Stevens), 
7.6 cm (3 inches) in length, were dipped in a 1000 mg/l IBA solution and inserted 
individually into cells.  Data on percentage of survival, total top growth per flat 
(measured by length), total number of secondary branches and total number of tertiary 
branches was collected. 
No difference in percent survivability was observed.  More cranberry shoot 
growth was observed on un-amended flailed pine slash media and media amended with 
perlite, when compared to those amended with sand. The number of secondary and 
tertiary shoots was greatest with the un-amended mixes and the perlite-amended 
three-year-old flailed pine slash.  
In this thesis, flailed pine slash was successfully utilized as a propagation medium 
for hardwood American Cranberry cuttings.  The pine slash can be utilized with or 
without perlite amendment. 
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This research demonstrates that flailed pine slash can be converted into 
marketable horticultural products with minimal processing and amendment.  Utilization 
of the pine slash material can provide landowners with an economic incentive to 
encourage better management practices.  Flailed pine slash can provide a sustainable 
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CHAPTER 1: LITERATURE REVIEW  
Sustainable forest management (SFM) is the management of forests according to 
the principles of sustainable development. A definition of SFM developed by the 
Ministerial Conference on the Protection of Forests in Europe, and since adopted by the 
Food and Agriculture Organization defines sustainable forest management as: 
“The stewardship and use of forests and forest lands in a way, and at a rate, that 
maintains their biodiversity, productivity, regeneration capacity, vitality and their 
potential to fulfill, now and in the future, relevant ecological, economic and social 
functions, at local, national, and global levels, and that does not cause damage to other 
ecosystems.” (Sustainable Forest Management, 2009) 
The application these principles in the Pinelands National Reserve could result in 
increased biodiversity, a reduced fire hazard, increased forest vitality and an economic 
value that would benefit both landowners and citizens of the State of New Jersey. 
Forestry operations in the Pinelands National Reserve (PNR) produce significant 
quantities of plant residues, commonly referred to as flailed slash.  The residues consist 
of needles, bark and wood from a variety of plant species including: pitch pine (Pinus 
rigida), Virginia pine (Pinus virginina) and shortleaf pine (Pinus echinata). Professional 
forester R.R. Williams indicated in a personal communication that sustainable forestry 
practices in the PNR resulted in 200-375 yd3 of slash per acre. Currently, the flailed pine 
slash material is not being utilized.  A more desirable solution would be to process the 
slash into marketable products providing landowners with an economic incentive that 
would encourage sustainable management practices. 
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After harvest, the logs are transported to the mills and the bark is removed 
through a highly controlled process. The paper industry processes the inner fibrous 
portions of logs, xylem tissue, into pulp. (Gartner et al., 1971). The pine bark waste 
product has been used for several decades to amend soils and create horticultural 
container substrate. Lunt and Clark (1959) were among the first to research wood 
residues for agricultural use.  
The pine bark produced at paper mills is a relatively clean product containing 
primarily bark tissue, a little xylem tissue and no soil. In comparison, the sustainable 
forestry operations in the PNR process harvested logs on site into chips for paper 
production and the material not used in papermaking was left on site. In addition to the 
bark removed from the logs during the onsite processing, the waste product also 
contains non-log tissues such as needles, small branches and some soil. An advantage of 
sustainable on site log processing procedure is a reduction in the carbon footprint since 
non-xylem portions of the log are not transported to the paper mill.  The by-products of 
onsite sustainable forestry processing contain some of the characteristics of both pine 
bark and pine tree substrates 
Processing Substrate Components 
The unused flailed pine slash must be processed to achieve optimal chemical and 
physical properties for use as a horticultural medium. Hardwood and softwood bark are 
different in composition and require specific treatments.  Softwood species presumably 
have resins that resist decomposition. The bark of hardwood species has been shown to 
decay three times as fast as those from softwood species (Allison and Murphy, 1961; 
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1962; 1963).  Fresh hardwood bark can have a carbon:nitrogen ratio as high as 300:1 
(Still et al., 1974).  High carbon:nitrogen ratios lead to a rapid increase in heterotrophic 
organisms that utilize the available nitrogen sources to begin the decomposition 
process, thereby “tying-up” plant available nitrogen. Plants grown in substrates with 
high initial C:N ratios may result in nitrogen starvation as the plants and heterotrophic 
organisms compete for nitrogen. Hardwood barks, as previously mentioned, have high 
C:N ratios and need to be composted prior to utilization as a substrate component (Still 
et al., 1974).  
Composting Substrate Components 
 The composting process removes the easily degradable tissues subsequently 
lowering the C:N ratio (Chen and Avnimelech, 1986; Gartner et al., 1971; Still et al., 
1974).  Slow release fertilizer can be added during the composting process and to the 
soil-less substrate to help prevent nitrogen from being “tied-up” (Chen and Avnimelech, 
1986; Still et al., 1974). The composting process also reduces the effects from phytotoxic 
properties of the bark.  Phytotoxic inhibitors can be eliminated with as little as 30 days 
of composting (Still et al., 1974).  Additionally, the high temperatures associated with 
composting helps to reduce pathogens that may be present (Gartner et al., 1974; 
Gartner and Williams, 1978; Nelson, 1998; Lemaire, 1995). Riviere and Milhua (1984) 
successfully composted and utilized roadside pruning wastes from several hardwood 
species as growing media.  Their process involved maintaining adequate moisture, 
adding nitrogen and turning the piles five to six times during a one-year composting 
period.  
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Grinding and Sieving of Substrate Components  
Soft and hard wood bark are often ground and screened before they are used as 
horticultural products (Chen and Avnimelech, 1986).  The screening process is used to 
separate the bark into predetermined fractions.  Fine particles, one-eighth inch and 
smaller, are used for soil conditioners.  Medium sized particles, up to three-eighths inch, 
are used for greenhouse potting substrates. Coarse materials, three-fourths inch and 
larger are sold as landscape mulches (Nelson, 1998). Gartner et al. (1974) showed that 
hardwood bark passed through a one-half inch screen makes a suitable potting 
substrate. 
Substrate pH Adjustment 
Softwood barks relatively acidic when compared to hardwood barks. The pH of non-
amended bark from evergreen species has been shown to be between 3.7 and 5.0 
(Buamscha et al., 2007).  Ideally, plants in container production should be grown in a 
media with a pH between 5.5 and 6.3.  Substrates composed of pine bark usually require 
pH adjustment to be able to sustain most nursery plant species. The pH of the substrate 
is often raised with the addition of dolomitic lime (CaMg(CO3)2). In contrast, the bark of 
hardwood species is not as acidic and does not require the addition of lime. Gartner et 
al. (1974) reported un-amended hardwood bark to have a pH within recommended 
growing ranges. They observed the pH of hardwood bark increase over a 30 day period 
from 5.2 to 6.2. They also found the addition of lime to be unnecessary because the lime 
resulted in substrates with neutral or higher pH.  Poor plant growth was correlated with 
increasing addition of lime and subsequent increase in pH (Gartner et al., 1971; Gartner 
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et al., 1974; Gartner and Williams, 1978). The pH of hardwood bark based growing 
media continues to increase after composting and during the time that plants are 
growing.  Gartner et al. (1974) recommended that iron sulfate and elemental sulfur be 
added to hardwood bark used for plant growing to stabilize the pH during the plant 
production cycle. A study by Wright et al. (1999) questioned the addition of lime to 
soilless media, especially when adequate Ca and Mg are supplied by fertilization 
through irrigation water.  
Physical Amendments for Substrates 
Physical characteristics of potting substrates, such as porosity, have commonly 
been adjusted with the addition of sand or perlite (Richards et al., 1986).  Sand is 
available in a variety of textures ranging from fine to coarse.  Sharp sands with medium 
to coarse textures are often more desirable for growing media. Fine sand particles can 
be used to increase a media’s water retention. Sands should be free of silt, clay and 
salts.   
The addition of perlite to a substrate can have similar results to amendment with 
sand.  Perlite is an expanded volcanic glass, which has the advantage of having a low 
bulk density, 6lbs/ft3 (0.1g/cm3), when compared to sand, 92 to 112lbs/ ft3 (1.48 to 
1.80g/cm3). Perlite is also sterile immediately after the 1200ºC expansion process 
(Nelson, 1998; Handreck and Black, 2007; Papadopoulos et al., 2007).  
Vermiculite is a silicate mineral that expands when exposed to high 
temperatures and moisture. After expansion, vermiculite has a bulk density of 6 to 10 
lbs/ft3 (0.096 to 0.16 g/cm3) as well as excellent water holding capacity (Nelson, 1998; 
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Raviv et al., 2002; Papadopoulos et al., 2007). Surface characteristics of vermiculite 
allows for excellent cation exchange capacity (Nelson, 1998; Raviv et al., 2002; 
Papadopoulos et al., 2007). Some caution should be exercised when using vermiculite 
due to possible asbestos contamination (EPA Fact Sheet, 2000).  Another problem is that 
vermiculite can easily collapse when used in heavy mixtures and/or during mixing 
(Neslon, 1998; Raviv et al., 2002; Papadopoulos et al., 2007). 
 Incorporation of a source of nitrogen into the substrate may be necessary to 
overcome initial nitrogen draft caused by microbial activity in the potting media. Un-
composted hardwood substrates amended with a slow release nitrogen source, such as 
Osmocote®, performed best during experimental trials (Gartner et al., 1971).  Bark 
samples that were ammoniated prior to use, had a lower nitrogen requirement for plant 
growth than untreated bark. 
Mushroom compost is variable in its composition and properties. Mushroom 
compost is commonly made from a combination of wheat straw, hay, corn cobs, cotton 
seed hulls, gypsum and chicken manure (American Mushroom Institute, 2006), horse 
manure, peat, limestone chips, urea and residual fungal mycelia (Wang et al., 1984). 
Each mushroom grower determines the specific percentages of these components.  
Mushroom composts can often have high pH and salinity (Handreck and Black, 2007). 
Wang et al. (1984), using a saturated media extract, found spent mushroom compost to 
have a pH of 7.4 and an E.C. of 21 dS/m.  
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Ideal Qualities and Characteristics of Substrates 
A substrate must satisfy numerous functional requirements. It must be able to 
hold and provide the nutrients required for plant growth (de Boodt and Verdonck, 
1972).  The ability of a substrate to hold nutrients is dependent on the Cation Exchange 
Capacity (CEC) of its components. CEC quantifies the ability for a substrate’s fixed 
negative charge to attract and hold positively charged nutrient ions (Lemaire, 1995).  
Substrate components with a high CEC, such as peat and other organic materials, are 
able to hold and provide more nutrients to plants.  Sand, in contrast, has a low CEC and 
is not able to retain nutrients as well.  Cation exchange capacity of a container substrate 
is expressed in units of milliequivelents per 100 cm3 substrate (Ogden et al., 1987).  
Any suitable substrate must be able to retain water that is accessible to plants.  
At the same time, gas exchange between the roots and the atmosphere must be able to 
occur (de Boodt and Verdonck, 1972).  Container shapes (Pasian, 1997; Fernandes and 
Corá, 2004; Handreck and Black, 2007) and physical characteristics of the substrate 
determine how much air and water are held in the container.  An important physical 
property of a substrate is its particle size distribution (PSD).  The PSD describes the 
range of quantities and sizes of particles within its composition. A simplified 
understanding of PSD means that a substrate with larger percentages of coarse particles 
will have greater aeration and less water holding capacity, while substrates with fine 
particles will have less air space and a larger water holding capacity (Handreck, 1983; 
Fernandes and Corá, 2004; Handreck and Black, 2007). K.A. Handreck (1983) found that 
pine bark particles 0.5 mm and smaller had the most effect on air filled porosity and 
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available water.  His research on growing media that consisted of Pinus radiata bark 
found that particles larger than 0.5 mm had little effect on the air-filled porosity of a 
substrate and the ability to hold water that is readily available to a plant, while particles 
that were 0.1 to 0.25 mm and smaller had the greatest effect on aeration and water 
retention.  He concluded that formulation of substrates may require special attention to 
the proportion of particles that are 0.5 mm and smaller. For most nursery operations, 15 
to 25% air-filler porosity is desired. This porosity could be achieved by mixing a 2:1 to 
3:1 volumetric ratio of particles larger than 0.5 mm to particles smaller than 0.5 mm 
(Handreck, 1983). Gartner et al. (1974) reported good growth results from media 
containing 20-40% of the particles in the <0.8mm size distribution, and 10-20% of the 
particles in the > 6.4 mm size fraction (Gartner et al., 1974). Buamscha et al. (2007) 
suggested that 70 -80% of the particles in a growing media should be between 0.6 and 
9.5 mm.  The remaining particles should be less than 0.6 mm. A more coarse mixture 
with larger particles sizes can be acceptable for production in regions with excess 
seasonal rainfall, such as the Pacific Northwest (Buamscha et al., 2007) 
Substrate Bulk Density  
A substrate must be able to anchor the plant. Containerized plant production 
requires a medium that will support the plant as well as prevent the plant and container 
from easily tipping over.  A substrate with a high bulk density ,mass per unit volume, is 
best be able to hold a large plant upright.  However, a higher bulk density will translate 
to more expense during shipping. An appropriate bulk density for a substrate can be 
determined for specific crops and to account for specific growing conditions (Fernandes 
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and Corá, 2004). Handreck and Black (2007) suggest a substrate with bulk density of 0.3 
to 0.6 g/cm3.  This should provide acceptable weight during handling, while still 
preventing the plant and pots from tipping over. Nelson (1998) recommend potting 
mixes have a bulk density of 0.60 to 0.96 g/cm3, immediately after watering. Abad et al. 
(2001) suggested the acceptable bulk density of a container substrate to be less than 0.4 
g/cm3. Measurement of a soil’s bulk density can be achieved through a variety of 
methods. The clod, core method and excavation method each involve measuring the 
mass of an oven-dried soil and then dividing that mass by the known volume (Klute, 
1986).  A laboratory-compacted bulk density has been used in assessing the suitability of 
soilless media for plant growth. This type of measurement is achieved by gently pouring 
it into the test container with known volume until overflowing.  Any excess material is 
then gently scraped off before a plunger of a specific weight is placed on top. The 
plunger is removed after the specific compaction interval.  The mass of the media 
determined and the laboratory-bulk density is then calculated (Raviv and Lieth, 2008). 
Substrate pH  
The pH of a substrate can directly affect plant growth through nutrient 
availability. Many of the nutrients required for growth in organic substrates are 
available between pH values of 5.4 to 6.3 (Handreck and Black, 2007; Camberato et al., 
2009) and 5.3 to 6.5 (Abad et al., 2001). Subsequently, the majority of plant species 
grown will require a pH within this range.  Certain species may vary in their preferred 
substrate pH.  Ericaceous plants prefer acidic substrates with a pH in the range of 5.0 to 
5.5.  Junipers, arborvitaes and many other species prefer a more neutral pH between 
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6.5 and 7.0 (Robbins and Evans, 2001).  Extremely low pH values can lead to toxicity due 
to excess levels of certain micronutrients, e.g. aluminum, being made available (Ogden 
et al., 1987; Leifert et al., 1992).   Similarly, required nutrients may not be in forms 
available to plants at high pH values (Ogden et al., 1987). 
Substrate pH can be determined through a variety of methods. The most 
common methods are: Saturated Media Extract, Volume Extraction and PourThru.  
These methods are similar, and involve creating an extraction/solution by combining 
water and growing medium. However, controversy exists as to which method is most 
appropriate and accurate, especially for nutrient analysis (Abreu et al., 2006).  
Additionally, different laboratory procedures, e.g. water volume, shaking, and extraction 
period, affect results and make comparisons between results difficult (Abreu et al., 
2006). 
Electrical Conductivity and pH Extraction Methods 
Saturated Media Extract (SME)  
 The Saturated Media Extract method, as described by Warncke (1986) and again 
by Handreck and Black (2007), has been widely used in the United States.  The method 
involves small amounts of distilled water being added to a specific amount of media.  
Water is added to the media until it is determined to be saturated by the individual 
applying the method. It is suggested that one person be in charge of the procedures to 
insure consistent application of methods (Bunt, 1986). Accurate pH measurements, 
close to those experienced by the plant, can be achieved when the method is correctly 
 11 
applied (Bunt, 1986). The saturated paste method is very time-consuming, a significant 
draw back to the method (Bunt, 1986). 
Volume Extract Methods 
 Volume extraction methods create a similar slurry/solution to those created in 
the saturated paste method. However, volume extraction methods involve adding a 
specific volume of water to a specific volume of growing medium. Common ratios 
include 1:1, 1:1.5 (Sonneveld et al., 1974; Handreck and Black, 2007) and 1:5. The 1:1.5 
volume extraction method, as described by Handreck and Black (2007), is based on the 
methods standardized by Comité Européen de Normalization (Abreu et al., 2006).  The 
method involves some subjectivity with initial moisture content of the media and how 
the initial volume is determined.  
Mass/Volume Extract Method 
 The 1:5 (mass of media/volume of water) extraction method creates a 
slurry/solution similar to those previously described methods. An exact mass of dried 
media, e.g. 20 g, is combined with an exact volume of purified water, e.g. 100 ml 
(Handreck and Black, 2007). This extraction method is subject to less human error 
because it uses a predetermined mass of dried media with a known volume of water. A 
similar 1:10 mass/volume extract was described by Abreu et al. (2006). 
 Pour-through 
 The Pour-through (PT) extraction is commonly used by professional growers 
because the procedures are simple, fast, and do not require destructive harvesting 
(Bunt, 1986; Wright, 1986; Cox, 2005). Additionally, no specialized equipment is needed 
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to carry out any of the procedures. The PT method creates an extraction by displacing 
the soil solution. A saturated container simply needs to be elevated over a collection 
pan. A volume of distilled water is then applied evenly over the surface, which displaces 
the soil solution.  A description of the PT extraction procedures was provided by Wright 
(1986). 
Each method has slightly different results and should be evaluated separately 
from each other (Robbins and Evans, 2001). Approximate equivalents are available 
when comparison between methods is required (Handreck and Black, 2007).  
Substrate Salinity 
Salinity is a chemical characteristic of a substrate that can impact plant growth.  
High levels of soluble salts harm plants in two primary ways. High salt concentrations 
can create an unfavorable osmotic potential between the plant’s roots and surrounding 
soil.  Initial symptoms appear similar to water stress (Silber and Bar-Tal, 2008) through 
wilting (Nelson, 1998). Salt stress also induces the production of abscisic acid, which 
causes plant stomata to close (Zhu, 2001).  Longer periods of exposure to high salt 
concentrations can lead to internal accumulation of salts within plant tissues (Silber and 
Bar-Tal, 2008). High concentrations of salts can also inhibit the plants ability to acquire 
nutrients (Silber and Bar-Tal, 2008; Nelson, 1998).  Sodium ions may compete with 
calcium (Silber and Bar-Tal 2008) and potassium ions (Zhu 2001, Silber and Bar-Tal, 
2008) thereby leading to deficiencies. Similarly, chloride ions can cause deficiency by 
limiting NO3
- uptake (Silber and Bar-Tal, 2008).  
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The salinity of a substrate is determined by measuring the total soluble salts, 
Total Dissolved Solids (TDS), or by measuring the ability to conduct electricity, Electrical 
Conductivity (EC). EC is a non-specific measurement in which any charged ion 
contributes to the total conductivity measurement.  Measurements are commonly 
taken from water-extracted solution. Electrical conductivity is often measured from the 
same extracts used for pH measurement.  Similar to pH measurements, interpretations 
will vary with the extraction method used. Interpretation of EC measurements for 
several extraction methods can be viewed in (Table 1.1).  
Substrate Bio-Stability 
Organic substrates are subject to continuous microbial decomposition.  As 
decomposition occurs, the substrate’s physical and chemical characteristics are altered. 
Particles break down to smaller sizes. As a result, the substrate develops a finer texture 
(Nash and Laiche, 1981; Lemaire, 1995) causing volume loss (Lemaire, 1997). Related 
factors, such as air filled porosity and water retention, are altered from desired ranges 
(Lemaire, 1997; Raviv and Lieth, 2008). Decomposition can lead to an increase in 
substrate pH and CEC (Lemaire, 1995; Lemaire, 1997).  Some substrate components are 
resistant to microbial decomposition and are considered more physically stable 
(Lemaire, 1997). Stable components are able to maintain good physical characteristics 
and can be utilized for longer production cycles (Nelson, 1998; Riviére and Caron, 2001). 
Materials that decompose rapidly should be used in low proportions (Handreck and 
Black, 2007). Peat varies in stability. The Von Post Scale measures the degree of 
decomposition of peats.  Young peats (H2-H3) are more susceptible to decomposition 
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and are less stable than (H5-H6) peats (Handreck and Black, 2007). Wood fibers have 
been observed to break down more rapidly than peats.  Bark from coniferous species, 
softwoods, are known to be more biologically stable than bark from deciduous species, 
hardwoods (Allison and Murphy 1961, 1962, 1963; Lemaire, 1995). 
 Pine Tree Substrate (PTS), a growing medium produced by grinding freshly 
harvested pine trees, was found to have higher microbial activity when compared to 
peat and pine bark substrates.  Unlike typical pine bark mixes, PTS includes wood fibers 
as well as small limbs and needles.  The higher content of wood particles in PTS raised 
concern for substrate stability during long term nursery production (Wright and Jackson, 
2008; Jackson 2009). A 70-week outdoor nursery production experiment concluded that 
pine tree substrate had a reduction in particle sizes.  As a result, the container water 
holding capacity of the substrate increased while air space decreased.  The authors 
noted the substrate had comparable shrinkage to pine bark media. They attributed the 
similar shrinkage to roots occupying spaces as the PTS decayed (Wright and Jackson, 
2008; Jackson and Wright, 2009). 
Peat and Container Substrates 
The term peat, broadly describes partially decomposed sedge and moss that has 
been harvested from swampy wet ecosystems of cool climatic zones. The specific type 
and quality of peat produced is dependent on the species of parent material and degree 
of decomposition it has undergone.  Parent materials may include: Sphagnum, Hypnum, 
Carex and Spragmites spp. Peat from Sphagnum spp. has long been used as a major 
component of growing media within the horticulture industry. It has been noted to have 
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excellent aeration when wet and is more desirable for horticultural use when compared 
to other peat sources.  Many of its beneficial properties have been attributed to its 
cellular structure which give sphagnum peat the ability to hold a large proportion of 
water that is readily available for plant use (Handreck and Black, 2007; Raviv and Lieth, 
2008; Robertson, 1993) The high porosity of sphagnum peat moss allows for ample 
aeration and water holding capacity as well as a low bulk density.  The combination of 
physical and chemical properties for plant growth, as well as the fact that it has been 
readily available to growers, makes peat an attractive substrate. 
The United States produced 609,000 metric tons of peat in 2009. The majority, 84%, 
was non-horticultural reed-sedge peat. Only 8% was the sphagnum peat moss preferred 
by the horticulture industry.  The US imported approximately 60% of the peat consumed 
in the US between 2006 and 2010 (U.S Geological Survey, 2011).  Canada, the world’s 
largest producer of horticultural peat, provided the majority of US imports.  In 2009, 
Canada produced 1.13 million metric tons of peat for horticultural use. Of this amount, 
The United States imported 871,000 metric tons. Other significant imports to the US 
were provided by Latvia, Norway, Ireland, Estonia, Sweden, Finland and Denmark, with 
smaller contributions from other nations (Apodaca, 2011). 
The total United States consumption of peat for 2009 was reported to be 1.44 
million metric tons.  Consumption for 2010 was estimated to be slightly higher at 1.5 
million metric tons (U.S Geological Survey, 2011). Potting substrate and soil 
improvement mixes accounted for 83% of the volume of peat consumed (Apodaca, 
2011). 
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The average unit price for peat in 2009 was $23.24 per metric ton. The average value 
of Sphagnum peat moss in 2009 was $68.61 per metric ton (Apodaca, 2011). 
Despite the advantages and qualities of peat, there has been increasing pressure 
to utilize peat alternatives from both conservational and a financial point of view. The 
long distance transportation required to import peat to the US has substantially 
increased peat prices.  Higher prices result in more expensive production cost for 
growers, lowering profitability.  
A continuous debate remains as to whether or not peat is a renewable resource. 
Arguments center around quantities of peat harvested compared to quantity allowed to 
regenerate. Conservation organizations report annual peat harvesting to be greater 
than annual regeneration, while peat producers note global peat growth to be greater 
than what is harvested.  Alexander et al. (2008) noted that modern harvest methods can 
remove 22.5 cm of peat per pass, while re-growth only occurs at 1 mm per year. 
Commercial extraction of peat currently exceeds renewal, according to Barkham (1993). 
The Canadian Sphagnum Peat Moss Association acknowledges the fact that peat bogs 
regenerate slowly and can take up to 20 years to regenerate. They also note that there 
are more than 270 million acres of peatlands in Canada and only 6,000 acres are being 
used to harvest peat. (The Canadian Sphagnum Peat Moss Association, 2011). The ratio 
of harvested peat to regenerated peat seems less significant when global peat 
formation is factored in (Alexander et al., 2008) 
Conservation groups are also concerned with ecological damage resulting from 
mechanized peat harvesting. Modern mechanized harvesting is more harmful to bogs 
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than the hand cutting methods previously used (Alexander et al., 2008). Mechanized 
harvest process begins by draining the bog. This allows for machinery to access the site. 
During the next step, the surface vegetation is removed, and the top four to six inches of 
peat is milled. The milled peat is allowed to dry before being collected by a vacuum. 
Several aspects of these harvest procedures detrimentally affect site ecology. Draining 
of the bog irreversibly alters the site hydrology, which may deter long-term site recovery 
(Whitnam and Buxton, 1997; Alexander et al., 2008).  In contrast, hand-cutting harvest 
methods often left sections of the bog intact, which helped to maintain bio-diversity by 
leaving a source of seed and organisms for bog regeneration after harvest (Alexander et 
al., 2008)  
The multi-generation increase in CO2 being emitted into the atmosphere has 
been arguably linked to global warming. Carbon sinks, which are natural reservoirs for 
carbon compounds, have been identified as a possible way to sequester carbon and 
slow climate change. Peat bogs can sequester and hold a large amount of carbon for 
extended periods of time (Olszewski et al., 2009).  Harvesting the peat for horticulture 
and energy releases CO2 (Barkham, 1993; Alexander et al., 2008). Peat extraction has 
effects on carbon release similar to deforestation (Alexander et al., 2008).  
Arguments pertaining to peat sustainability as well as the adverse environmental 
effects of its harvest have led many to push for the use of peat alternatives.  Also, the 
cost of peat continues to rise with the cost of energy.  Growers seeking to cut costs and 
increase profits are looking for affordable locally produced peat alternatives (Ansermino 
et al., 1995; Alexander et al., 2008; Frangi et al., 2008; Fain et al., 2008; Gartner and 
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Williams, 1978).  Advancements in peat alternatives have led to peat no longer being 
required for garden, commercial, horticultural, and landscape uses (Barkham et al., 
1993).  
The voluntary reduction in the UK’s consumption of peat has not been 
considered successful. In an effort to persuade consumers to utilized peat alternatives, 
The Royal Society for the Protection of Birds, a conservation group in the United 
Kingdom, recently proposed taxing peat and peat based products.   The proposed tax 
would provide financial incentives to motivate consumers to switch to peat alternatives 
(Gray, 2011).  
Alternative Substrate Components  
The most desirable peat substitute will be a sustainable product that can be 
produced at the rate it is consumed. To reduce shipping costs, the product will ideally be 
produced or harvested nearby its market users. (Alexander et al., 2008).  Selected peat 
substitutes must also be able to sustain plant growth at an adequate rate. Promising 
alternatives include: softwood bark, hardwood bark, wood fiber, pine slash and other 
substances. Numerous products have been used as experimental peat-substitutes for 
growing media. Most of the products are similar to pine bark in that they are waste 
products from other industries and are abundantly available. These products include: 
cotton gin compost, coir, green waste compost, municipal sludge, and industrial 
products. 
Hardwood & Softwood Bark 
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Bark has been commonly used as an alternative substrate component in growing 
media for many decades. Bark is readily available as a by-product of the forestry 
industry (Ogden et al., 1987) and can be inexpensive when compared to sphagnum peat 
moss (Nelson, 1998).  Softwood barks are obtained from evergreen species such as 
Pinus spp. (Pines), Pseudotsuga menziesii (Douglasfir), and Sequoia sempervirens 
(Redwood). Redwood and fir bark are primarily used in the West Coast regions, while 
pine barks are available extensively throughout the United States. Hardwood barks are 
obtained from Quercus spp. (Oak), Carya spp.(Hickory), Acer spp. (Maple) and Fraxinus 
spp. (Ash)  They are primarily available in the interior states (Gartner et al., 1974; 
Nelson, 1998). Both hardwood and softwood barks have been successfully utilized by 
the horticulture industry as mulch, components of growing media and soil amendments 
(Ogden et al., 1987). 
The University of Illinois used hardwood bark as a soil amendment and a 
container substrate amendment beginning in the late 1960’s (Gartner and Williams, 
1978).  Hardwood bark has been readily available as a by-product of the forestry 
industry in the Midwest (Gartner et al., 1971; Klett et al., 1972). Availability and close 
proximity made hardwood bark an attractive peat alternative for growers. Up until the 
1960’s, little research had been conducted on the use of hardwood bark for horticultural 
use. A series of experiments were conducted to evaluate its use as a component of 
growing media.  Gartner et al. (1971) were the first to report that ornamental plants 
could be produced in media composed of hardwood bark.  Subsequent experiments by 
the same institution found that for best plant growth, hardwood bark needed to be 
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composted prior to use in order to reduce the initial high C:N ratio which causes  
microbial nitrogen draft (Klett et al., 1972).  Supplemental nitrogen fertilizer was used to 
replace the nitrogen consumed by microbial activity. Media composed of hardwood 
bark had a higher pH and did not require the addition of lime as observed with peat and 
softwood barks (Gartner et al., 1971; Gartner et al., 1974; Gartner and Williams, 1978).  
Overall advantages of using hardwood bark include: price, availability, excellent water 
holding capacity, readily available water, excellent aeration, ample available essential 
micronutrients, and suitable bulk density (Gartner and Williams, 1978).  
Softwood barks were successfully used as horticulture amendments by Lunt and 
Clark (1959).  They have many similar qualities to hardwood barks.  Softwood barks, in 
general, have a lower pH. Ogden et al. (1987) reviewed several studies and found 
softwood pine species to have pH values between 3.5 and 4.8. Un-amended Douglasfir 
bark was found to have a similar pH range of 3.7 to 5.0 (Buamscha et al., 2007).  Odneal 
and Kaps (1990) found aged pine bark to have a pH of 4.13 while fresh pine bark had a 
pH of 4.16. Acidic properties of bark may require addition of lime prior to use as a 
horticultural substrate (Lunt and Clark, 1959).  
Nitrogen draft, caused by microbial actions, will occur with the use of wood and 
bark (Lunt and Clark, 1959; Ansermino et al., 1995).  The extent of the nitrogen loss is 
more significant with hardwood bark than softwood bark. Hardwoods can require 
almost twice the amount of supplemental nitrogen (Gartner et al., 1971)  
Initial particle size distribution for both softwood and hardwood barks can be 
controlled with grinding and screening. Processing through a 12.8 mm screen helps to 
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obtain a PSD with 20-40% of particles in a fraction with sizes less than 0.8mm and 10-
20% of the mix having particle sizes greater than 6.4 mm (Gartner and Williams, 1978) 
Pine Tree Substrate and Whole Tree Substrate 
The availability of pine bark is dependent on production rates of the paper 
industry. Pine bark supplies are increasingly being utilized as landscape mulch as well as 
a source of fuel (Jackson, 2009).  Researchers at Virginia Tech, Blacksburg, VA sought a 
renewable substrate component that was affordable and unlimited in supply (Wright 
and Browder, 2005).  Experimentation with debarked, chipped loblolly pine logs as a 
component of greenhouse substrates led to the formation of the pine tree substrate, 
now registered as WoodGro™.  Initial experiments proved that a variety of plant species 
could be grown in the pine tree substrates, but the differences in chemical and physical 
characteristics, of the ‘pine tree substrate’ compared to standard nursery media, 
required adjustments to water and nutrient management (Wright and Browder, 2005).  
Jackson et al. (2006) and others found that plants growth in pine chip based growing 
substrates required additional fertilizer to achieve comparable growth to plants grown 
in pine bark substrates.  They attributed the additional fertilizer requirements to 
increased leaching as well as nitrogen immobilization by microbes (Jackson et al., 2006; 
Wright et al., 2006; Jackson et al. 2009A). A 2009 publication found that the amount of 
nutrients leached from plants grown in pine tree substrates was not significantly 
different from pine bark based substrates.  The increased fertilizer needs were 
confirmed to be the result of microbe immobilization (Jackson et al., 2009A)   
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Production costs for pine tree substrates have been estimated to be $15 per 
cubic yard. This price is approximately the same as a pine bark mixture, but significantly 
less than a peat mixture (Wright and Jackson, 2008).  A coarse substrate can be 
produced at less expense than a substrate with fine particle sizes because it requires 
less hammer milling. An affordable pine tree susbstrate with good physical properties 
can be produced by amending coarse hammer-milled pine chips with 10% sand, 25% 
peat, or 25% composted pine bark (Jackson, 2009). 
Any additional fertilizer requirements will increase production costs.  Growers 
may be able to save expense by amending Pine Tree Substrate with 25% peat moss. The 
peat moss may help to reduce nitrogen immobilization and reduce the N applied during 
production (Jackson et al., 2008B; Wright and Jackson, 2008) Growers may see potential 
savings from not having to amend the substrate to achieve desired porosity. Pine tree 
substrate can be ground and milled to a desired particle size distribution, eliminating 
the need to amend with perlite.  Finally, significant savings may occur through reduced 
transportation costs.  Peat needs to be imported and shipped over long distances, while 
pine tree substrate can be produced anywhere loblolly pines can be grown (Wright et 
al., 2008).   
Jackson et al. (2009B) found that long-term production, two growing seasons, of 
woody plants grown in pine tree substrate in an outdoor nursery production was 
achievable. A reduction in particle size distribution due to decomposition was observed, 
but was still considered acceptable. This problem may be solved with the utilization of a 
coarser particle size distribution.  The pH of the substrate also decreased, which may be 
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corrected with the addition of limestone (Jackson et al., 2009B). Future research on pine 
tree substrate will focus on reduction of microbe immobilization, as well as the 
development of a production guide to help growers optimize fertilizer inputs (Jackson et 
al., 2008B; Jackson et al., 2009A). 
Coir 
Coir is fibrous material extracted from coconut husks.  Interest in the use of coir 
as a component in potting substrates has dramatically increased.  Coir, by itself, has too 
fine of a particle size distribution to be used as a substrate. It has excellent water 
holding characteristics which allow for its primary use to increase water holding capacity 
of substrates. (Offord et al., 1998; Handreck and Black, 2007).  Several experiments have 
been conducted with the use of coir as a peat substitute. Offord et al. (1998) found few 
differences in plant growth parameters between peat and coir mixes.  They concluded 
that coir performed similar to peat within growing media. Additionally, they highlighted 
coir’s excellent physical stability, hydrophilic natures and ability to withstand 
compression as some of its best qualities (Offord et al., 1998)  
Cotton Gin Compost 
Cotton gin compost (CGC) is waste produced during the cotton ginning process 
that has usually been composted for approximately one year. Cotton gin waste 
materials can include: leaves, stems, hulls, and some cotton lint (Jackson et al., 2005B). 
Jackson et al. (2005A) utilized CGC as a fraction of a container substrate. Experimental 
results indicated pine bark substrates amended with CGC could be used to grow plants 
that were comparable to those grown in pine bark-based media.  Authors noted an 
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excellent water holding capacity of media containing CGC. 100% pine bark substrates 
were found to have water holding capacities (WHC) of 53.2% while 100% CGC substrates 
were found to have a WHC of 69.1% (Jackson et al., 2005B). 
Composts 
 Olszewski et al. (2009) investigated the growth response of containerized plants 
being grown in composted arboretum and greenhouse wastes.  The waste products 
were composed of plant refuse, garden weeds, leaf litter, turf grass clippings and 
greenhouse plants. They found the composted waste products to be a viable partial 
substitute for peat moss. Lanzi et al. (2009) and Lamanna et al. (1991) had similar 
conclusions for the use of compost as a partial peat substitute. 
 Composts produced from various proportions of grass cuttings, leaves, pruning 
wastes, wood ash and sewage sludge were found to be a viable ornamental plant 
substrate (Estévez-Schwarz et al., 2009).  The same study found the composts to be 
safe, stable and free of chemical inhibitors.  
Future Availability of Alternative Substrate Components  
Availability of materials to be used as peat substitutes is a major concern. 
Growers will require a consistent and reliable supply of these materials. Supplies 
fluctuate with production changes such as increased or decreased timber harvests.  
Additionally, recent legislation in the United States has increased the demand for clean 
and renewable energy.  This is partially being achieved through the Biomass Crop 
Assistance Program (USDA, 2010B). 
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Biomass Crop Assistance Program  
 
The Food, Conservation and Energy Act of 2008, the 2008 Farm Bill, included 
funding for a program to help reduce U.S. reliance on foreign oil by subsidizing domestic 
biomass production. The Biomass Crop Assistance Program (BCAP) provides incentives 
for the establishment, cultivation and harvest of biomass crops intended for use as a 
source of heat, power or bio-fuels (USDA, 2010B).  Wood products, such as forest 
thinnings, have recently been selected for use as a source of bio-energy (USDA, 2010A), 
and may not be as readily available for use as a horticultural media in the near future. 
Eligible forestry operations could receive financial assistance for the collection, storage 
and transportation of pine slash to approved conversion facilities.  Public feedback 
regarding the proposed BCAP program revealed concern for possible negative impacts 
to existing local markets. In response, products such as pine slash may not qualify for 
BCAP funding if the USDA determines the materials are already used in local pre-existing 
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CHAPTER 2: EVALUATION OF EXPERIMENTAL SUBSTRATE PH 
Introduction 
 The objective of this study was to determine the amount of lime required to 
raise the pH of growing medium consisting primarily of flailed pine slash, hereafter 
referred to as pine slash, to acceptable levels for nursery plant production.  Most plants 
grown in soilless culture prefer slightly acidic medium. Recommendations for pH are 
given in several ranges:  5.4 to 6.0 (Nelson, 1998), 5.0 to 6.5 (Knoxfield, 1995), 5.2 to 5.5 
((Altland and Buamscha, 2008), 5.0 to 6.5 (Robbins and Evans, 2001), 5.5 to 6.3 
(Handreck and Black, 2007). The ideal pH range varies with the plant species, e.g., 
ericaceous plants grow best in medium with pH in the range of 4.5 to 5.8 (Nelson, 1998).  
Our non-amended pine slash had a measured pH in the range 4.1 to 4.5.  
Materials and Methods 
Growing Media Mixes 
 In 2008, flailed pine slash samples were collected from three sites of sustainable 
forestry activity within the Pinelands National Reserve. The sampled pine slash piles 
represented different stages of decomposition based upon the years in which they were 
produced.  Three-year-old pine slash samples produced in late winter of 2006 had more 
advanced decomposition than the two-year-old and one-year-old samples produced in 
2007 and 2008, respectively.  The pine slash samples were packaged in 2 cubic-foot 
plastic bags and shipped by truck to Urbana, IL. 
 The pH of non-amended bark from similar evergreen species has been shown to 
be between 3.7 and 5.0, and is considered too low for most container production 
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standards (Buamscha et al., 2007).  A variety of sample media were created by blending 
pine slash with specific amounts of dolomitic lime (Hi-Yield Agricultural Limestone, 
Voluntary Purchasing Groups, INC., Boham, TX). Three separate, one-cubic-foot sample 
batches of the following mixes were created for chemical analysis. 
 Non-amended three-year-old pine slash produced in 2006 
 Non-amended two-year-old pine slash produced in 2007 
 Non-amended one-year-old pine slash produced in 2008 
 Non-amended three-year-old pine slash produced in 2006 with equivalents of 
1lb (0.45 kg), 2lb (2.90 kg), 3lb (1.36 kg), 4lb (1.81 kg) and 5lbs (2.26 kg) of 
dolomitic limestone added per cubic yard (0.76 cubic meters) of pine slash. 
 Non-amended two-year-old pine slash produced in 2007 with similar amounts of 
dolomitic limestone. 
 Non-amended one-year-old pine slash produced in 2008 with similar amounts of 
dolomitic limestone. 
 
Additional media were created by mixing: 80 percent pine slash, 20 percent compost 
(V:V) and specific amounts of lime. Three separate, one-cubic-foot sample batches of 
the following mixes were created for chemical analysis. 
 4:1 (by volume) three-year-old pine slash produced in 2006:mushroom compost  
 4:1 (by volume) two-year-old pine slash produced in 2007:mushroom compost  
 4:1 (by volume) one-year-old pine slash produced in 2008:mushroom compost  
 4:1 (by volume) three-year-old pine slash produced in 2006: mushroom compost, 
mixed with 1lb (0.45 kg), 2lb (2.90 kg), 3lb (1.36 kg), 4lb (1.81 kg) and 5lbs (2.26 
kg) of dolomitic limestone added per cubic yard (0.76 cubic meters) of pine slash. 
For example, the 5lbs per cubic yard of pine slash resulted in 4lbs of dolomitic 
limestone to the entire mix. 
 4:1 (by volume) two-year-old pine slash produced in 2007: mushroom compost, 
mixed with similar amounts of dolomitic limestone 
 4:1 (by volume) one-year-old pine slash produced in 2008: mushroom compost, 
mixed with similar amounts of dolomitic limestone. 
 
All experimental media described above were blended for three minutes in a 
cement mixer.  The sample media were then transferred to paper grocery bags and 
stored on greenhouse benches in Urbana, IL.   Three uniform sub-samples were 
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collected from each batch, which resulted in a total of nine sub-samples for each mix 
described above.  The sub-samples were placed into laboratory forced air dryers set to 
50º C and allowed to dry until the total mass of the sample was constant.  
Data Collection 
The pH of each sample was measured using a modified 1:5 (weight/volume) 
extraction (Handreck and Black, 2007, Knoxfield, 1995).  One-hundred ml of reverse 
osmosis (R.O.) water was added to 20 grams of dried sample.  The sample was stirred 
every 5 minutes for a period of 30 minutes. The pH was then measured using an Orion 
Research Model 701A/ Digital Ionalyzer (Orion Research Inc. Cambridge, MA), with a 
Thermo Scientific 910500 Combination pH electrode. A two-buffer standardization, pH 
4.00 and pH 7.00, was used to calibrate the meter before use.  Measurements were 
taken by immersing the electrode in the slurry while gently shaking the cup to ensure 
contact between the electrode and the extraction solution.  An observation was 
recorded when the reading stabilized.  The sample was covered and stored for 24 hours 
at which time it was stirred and a second pH measurement taken.    
Data for pH observations were analyzed using SAS 9.2 software.  Analysis of variance 
was determined using the SAS GLM procedure.  Normality of the residuals was 
confirmed using the Shapiro-Wilk test, within univariate procedure.  Homogeneity of 
residual variance was confirmed using Brown and Forsythe’s test within the GLM 
procedure. Means separation was performed using Tukey’s Test within the GLM 




Initial Growing Media pH 
Significant differences in pH were observed between mixes (Table 2.1).  Mixes 
containing no dolomitic lime had significantly lower pH values.  The three-year-old pine 
slash had the lowest mean pH of 4.14.  The two-year-old pine slash had a mean pH of 
4.33 while one-year-old pine slash produced in 2008 had a mean pH of 4.49. The Fafard 
medium had the highest mean pH, 5.96.  The addition of one to five pounds of lime per 
cubic yard of flailed pine slash increased the media’s pH, but not to a level appropriate 
for nursery plant production. The highest pine slash mean pH observed was with the 
two-year-old pine slash mixed with five pounds of lime per cubic yard.  
The pH of the media were increased by amending flailed pine slash with 20% 
mushroom compost, by volume (Table 2.2).  Of the media containing mushroom 
compost, the two-year-old pine slash mixed with 3 pounds of lime per cubic yard of pine 
slash (1.78 kg/m3) had the highest mean pH of 6.26, although similar pH levels were 
observed in 7 other media. This mean was significantly greater than the Fafard mixture, 
which had a mean pH of 5.96.  
Discussion 
Many methods for pH extraction are available. Each method’s results requires 
slightly different interpretation. A 1:5 (mass/volume) extraction will have a pH slightly 
higher than a saturated paste extract. Subtracting 0.4 units from a 1:5 pH reading will 
convert the measurement to what may have been observed during a saturated paste 
measurement (Handreck and Black, 2007). 
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The recommended pH for a non-mineral substrate, as previously discussed, is as 
low as 5.0 and as high as 6.5.  For the nursery production experiments, to be discussed 
in chapter 3, we chose mixtures that were within this range. Mixtures containing five 
pounds of lime were selected based on liming recommendations for pine bark media 
with similar composition.  Mixtures containing 80% pine slash, 20% mushroom compost 
and five pounds of lime per cubic yard of pine slash had a mean pH between 6.17 and 
6.23. Mean separation indicated the pH of these media were not significantly different 
from each other.  The three-year-old pine slash media medium containing mushroom 
compost and five pounds of lime per cubic yard of pine slash had a significantly higher 
pH than the Fafard media. The two-year-old and one-year-old pine slash media 
containing mushroom compost and five pounds of lime per cubic yard of pine slash 
were not significantly different from the Fafard media.  
Conclusions 
 Un-amended flailed pine slash had a pH in the range 4.1 to 4.5, which is 
considered too low for container production of most plant species. Amending the flailed 
pine slash with mushroom compost and dolomitic limestone raised the pH to acceptable 
levels. Mixtures containing 80% pine slash, 20% mushroom compost and five pounds of 
lime per cubic yard of pine slash had a mean pH between 6.17 and 6.23. These mixtures 





Table 2.1 Mean pH of Fafard 52 mix and experimental flailed pine slash media amended 
with increasing amounts of dolomitic lime.  








Fafard  - 5.96 au 
3-Year PSMz 0 4.14 k 
3-Year PSM 1 4.15 k 
3-Year PSM 2 4.26 j 
3-Year PSM 3 4.35 i 
3-Year PSM 4 4.4 i 
3-Year PSM 5 4.47 h 
2-Year PSMy 0 4.33 i 
2-Year PSM 1 4.5 gh 
2-Year PSM 2 4.58 f 
2-Year PSM 3 4.66 cde 
2-Year PSM 4 4.7 cd 
2-Year PSM 5 4.86 b 
1-Year PSMx 0 4.49 h 
1-Year PSM 1 4.57 gf 
1-Year PSM 2 4.59 f 
1-Year PSM 3 4.6 ef 
1-Year PSM 4 4.63 def 
1-Year PSM 5 4.72 c 
z
 3-Year PSM= Three-year-old flailed pine slash  
y
 2-year PSM= Two-year-old flailed pine slash 
x
 1-year PSM= One-year-old flailed pine slash 
w 
Amount of dolomitic limestone added per cubic yard of flailed pine slash 
v
 Residuals Log 10 transformed before analysis 
y
 Mean separation by Tukey’s P≤0.05. Means with same letter within a column are not significantly 
different. 
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Table 2.2 Mean pH of Fafard 52 mix and experimental pine slash media consisting of 
80% Pine Slash, 20% compost (by volume) and amended with increasing amounts of 
dolomitic lime.  








Fafard  - 5.96 bcdef 
3-Year PSMz 0 5.97 bcdef 
3-Year PSM 1 6.05 abcdef 
3-Year PSM 2 6.15 abcde 
3-Year PSM 3 6.14 abcde 
3-Year PSM 4 6.17 abc 
3-Year PSM 5 6.23 a 
2-Year PSMy 0 5.92 def 
2-Year PSM 1 6.22 a 
2-Year PSM 2 6.12 abcde 
2-Year PSM 3 6.27 a 
2-Year PSM 4 6.12 abcde 
2-Year PSM 5 6.17 abcd 
1-Year PSMx 0 5.95 cdef 
1-Year PSM 1 6.06 abcdef 
1-Year PSM 2 5.91 ef 
1-Year PSM 3 5.83 f 
1-Year PSM 4 5.83 f 
1-Year PSM 5 6.21 ab 
z
 3-Year PSM= Three-year-old flailed pine slash amended with mushroom compost   
y
 2-year PSM= Two-year-old flailed pine slash amended with mushroom compost 
x
 1-year PSM= One-year-old flailed pine slash amended with mushroom compost 
w 
Amount of dolomitic limestone added per cubic yard of flailed pine slash 
v
 Residuals Log 10 transformed before analysis 
y







CHAPTER 3: CONTAINERIZED PRODUCTION OF WOODY PLANTS GROWN IN 
EXPERIMENTAL PINE SLASH SUBSTRATES 
 
Introduction 
 The objectives of this experiment were to determine the feasibility of using 
flailed pine slash, hereafter referred to as “pine slash”, as a component of growing 
media for the production of woody plants and to compare results of pine slash based 
media to commercially available peat and pine bark based nursery medium.  The 
evaluation of pine slash included the effects of using different ages of pine slash. 
Materials and Methods 
 Three experimental growing media were produced using pine slash of three 
different ages combined with mushroom compost and dolomitic limestone.  Pine slash 
samples produced from sustainable forestry operations in 2006, 2007and 2008 were 
provided by South Jersey Timber and Chip (Elmer, NJ). Mushroom compost was also 
provided by this source.  
 Experimental media were produced with proportions based on the evaluations 
reported in Chapter 2. An experimental medium was produced for each age of pine 
slash using 80% pine slash, 20% mushroom compost (V:V) and 5 lbs of dolomitic 
limestone per cubic yard pine slash.  The freshly produced 2008 flailed pine slash had 
particle sizes that were deemed too coarse for plant production.  Prior to mixing the 
pine slash produced in 2008 it was put through a soil shredder to reduce the particle 
size so that it would pass through a one-inch screen. The medium containing pine slash 
produced in 2006 will be identified in this chapter “three-year-old pine slash medium”.  
Likewise, medium containing pine slash produced in 2007 and 2008 will be identified as 
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“two-year-old pine slash medium” and “one-year-old pine slash medium”, respectively. 
Fafard # 52 Mix (Conrad Fafard Inc., Agawam, MA) was used as the standard nursery 
growing medium representing the experimental control variable for this experiment. 
 Beginning July 2008, pine slash media were mixed using a Davis soil mixer. Pine 
slash was added to the mixer, followed by the mushroom compost.  The limestone was 
slowly added to insure uniform distribution in the resulting mix. Each medium was 
mixed for 5 minutes.  
 Hypericum kalmianaum (Kalm Hypericum), Weigela florida ‘Minuet’ (Minuet 
Weigela) and Viburnum dentatum ‘Morton’ (Northern Burgundy®Arrowwood 
Viburnum) plants were obtained from D. Hill Nursery (Union, IL). The woody plant 
liners, grown in 2.5 inch pots, were transplanted into Classic® 400 blow-molded 
containers. The surface of the root ball was planted level with the surface of the 
container media.  
The potted plants were placed on a gravel container production site at 
University of Illinois Landscape Horticulture Research Center, Urbana, IL. Each of the 
three species previously mentioned were arranged in separate experiments with four 
treatments. The number of plants per treatment ranged from 48 to 60.  Each 
experiment was arranged in a completely randomized block design.  
All plants were pruned in late July 2008.  Plants in the Hypericum experiment 
were uniformly pruned to a height of 20 cm, measured from the root collar/top of root 
ball. Plants in the Weigela and Viburnum experiments were pruned to a node that was 
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closest to 25 cm in height. Weigela and viburnum initial heights were measured and 
recorded from the root collar/top of root ball the highest node on plants after pruning. 
Initially, plants in each experiment were watered by hand.  Each watering 
included fertilization at a rate of 200 mg/l (ppm) nitrogen, 20-20-20 (Plantex® 20:20:20, 
Plants Products Co. Ltd., Brampton, Ontario, Canada). After establishment, the plants 
were uniformly irrigated with a solid set overhead system with Mini-wobbler® nozzles 
(Senninger Irrigation Inc, Clermont, FL). 
In November 2008, all plants were moved into a polyhouse covered with 4mil 
opaque polyethylene film for overwintering. Plants were placed pot to pot in the same 
order they were organized outdoors.  
In March of 2009, plants were moved into a heated greenhouse and placed on 
benches.  At this time, each plant’s height and width were measured representing the 
first season’s growth. While in the greenhouse, plants were watered as needed by 
hand. Fertilization was not provided until plants broke dormancy, at which time they 
were fertilized during each irrigation at a rate of 200 mg/l (ppm) Nitrogen, 20-20-20.  
Beginning mid May, 2009, additional experimental media were mixed with the 
remainder of pine slash samples that had been produced in 2006, 2007 and 2008. 
Methods used to mix the components were similar to those previously described. The 
plants were then shifted from the Classic® 400 to Classic® 1200 blow-molded containers. 
After shifting, the plants were placed outdoors at the same location and in the 
same experimental design as previous growing season.  Plants were watered using the 
same irrigation system and fertilization rate as the previous growing season.  
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 Final data were collected in October, 2009 after the plants ceased vegetative 
growth. Data included: plant height, shoot dry mass, root rating, media particle size 
distribution, media pH, media electrical conductivity and media bulk density.  
Plant height was measured from the top of root ball to the tallest apical point of 
the plant. 
Plant shoots were cut off at the base of the plant, level with the potting media.  
Persisting leaves were removed. Plant shoots were placed in #25 kraft paper bags (Gray 
Brother Bag Inc., Springdale, AR). The samples were then dried in a forced air oven at 
50ºC ± 5ºC.  Samples remained in the dryer until mass remained constant, 
approximately 10 to 14 days.  Mass was determined immediately after removing from 
the oven.   
Root ratings were obtained from 15 randomly selected plants from each media 
in each experiment. Plants were rated on a scale of 1 to 4.  The visual criteria used for 
the evaluation of Viburnum dentatum ‘Morton’ , Hypericum kalmianum  and Weigela 
florida ‘Minuet’ roots are presented in Figures 3.1, 3.2 and 3.3, respectively. 
Media samples were collected from 10 randomly selected plants from each medium 
in each species.  A reciprocating saw was used to cut sections of medium from the root 
ball.  Visible root material was removed from the sample before it was placed in a # 25 
kraft paper bag. The media samples were dried in a forced air dryer at 45ºC ± 5ºC until 
their mass remained constant.  After drying, samples were stored in a climate-
controlled room until they were analyzed.  
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Particle size distribution were determined using a Ro-Tap Sieve Shaker (Ro-Tap, 
Model Rx-29, W.S. Tyler Inc., Mentor, OH).  Sieve sizes used were: 12.5mm (½ inch), 
9.5mm (3/8 inch) 6.3 mm (1/4 inch), 3.35 mm (0.132 inch) and a collection pan. One 
hundred grams of each of the previously described dried samples were sieved for two 
minutes. As suggested by Buamscha et al. (2007), the sieve shaker was operated for 
five minutes per sample. However, we found no noticeable effect to the additional 
sieving time. After sieving, the mass of the media in each sieve was determined  
Post-experiment pH of each medium was determined using the same modified 1:5 
(mass/volume) extraction method as described in Chapter 2. Post-experiment electro-
conductivity (E.C.) measurements were determined using a modified pour-through 
method (Wright 1986).  The 1:5 extraction method used for pH resulted in unusually 
high E.C. values while the pour-through method offered the most replicable results. 
The traditional pour-through method is conducted on media in containers currently 
producing plants.  Extractions in my experiment were taken after production had been 
completed on media that had been removed from the root container and dried.  The 
pour-through procedure involved the following: 
 A 4-inch standard pot (Dillen Products, Middlefield, OH) was filled with 
media up to 3.81 cm (1.5 inches) from the top of the container.  This equated 
to a volume of 320 ml.  
 The dry media in the pot was re-wetted gradually by spraying the surface 
with R.O. water.  Media was typically rewetted and saturated after 24 hours. 
 100 ml of R.O. water was slowly applied to the surface 2 hours after the 
media had been saturated. Water was distributed evenly across the surface 
with special attention given so water would not simply run down the side of 
the container. Leachates were collected in beakers and then transferred to a 
large glass test tube.  
 The conductivity probe was place into the solution and the measurement was 
recorded when the reading stabilized. 
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Bulk density was determined by filling a container with known mass and volume 
with dried medium. A Dillen 4-inch standard pot was used as the container. The pots 
were filled with a known volume of 320 ml. The mass of the container and media was 
determined on an electronic scale. Subtracting the containers mass and dividing by 320 
ml determined bulk density.  This method resulted in reproducible bulk density values.  
 Data for plant height, shoot growth dry mass, pH, E.C. and bulk density were 
analyzed using SAS 9.2 (SAS Institute Inc, Cary, NC).  Analysis of variance was 
determined using the SAS GLM procedure.  Normality of the residuals was confirmed 
using the Shapiro-Wilk test, within univariate procedure.  Homogeneity of residual 
variance was confirmed using Brown and Forsythe’s test within the GLM procedure. 
Means separation was performed using Tukey’s test within the GLM procedure. 
 Root ratings were ordinal variables and were analyzed using the ordinal logistic 
model (SAS 9.2, SAS Institute Inc, Cary, NC). The analysis was similar to that used by 
Klick (2009), described as follows: 
Odds ratio (OR) was used to represent how different one treatment is from 
another treatment and thereby to receive higher ratings.  The confidence 
interval for the estimation of the OR is given to indicate whether such difference 
is significant. Unlike ANOVA, OR not only determines the significant differences, 





Three-year-old pine slash medium produced the largest amount of shoot 
growth, when measured by height, with a mean of 35.5 cm (Table 3.1). Two-year-old 
and one-year-old pine slash media produced plants that were greater in height than the 
Fafard medium, but had significantly less growth than three-year-pine slash medium. 
Measurements of shoot growth dry mass yielded similar results to plant height 
measurements (Table 3.1).  Three-year-pine slash medium resulted in greater top 
growth than all other treatments. Two-year-old and one-year-old pine slash media 
2008 produced greater shoot growth than the Fafard medium.  
Analysis of root ratings for the Viburnum sp. indicated that plants grown in 
Fafard medium were the least likely to receive a root rating of 4 (Table 3.2). Plants 
grown in the three-year-old pine slash medium were 55.4 times more likely to receive a 
root rating of 4, and plants grown in the one-year-old pine slash medium were 19.7 
times more likely to receive a rating of 4 than the Fafard Medium. Though, not 
statistically significant, plants grown in two-year-old pine slash medium were 7.2 times 
more likely to receive a root rating of 4 than plant grown in Fafard medium. Three-year-
old pine slash medium was also 7.7 times more likely to produce plants with roots rated 
4 than the two-year-old pine slash medium. 
The Fafard Medium yielded significantly lower electrical conductivity (E.C.) 
measurements when compared to all other treatments (Table 3.3). Electrical 
conductivity measurements from the Pine Slash Media were not different from each 
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other. Comparisons of pre-experiment media with post experiment media showed a 
decrease in mean E.C. for all treatments (Table 3.4). Decreases ranged from 1.85 to 
2.60 millisiemens (mS). Pre-experiment E.C. values are listed in (Table 3.5). 
The Fafard media had significantly lower pH than the Pine Slash Media (Table 
3.3). One-year-old pine slash medium had a higher pH than the Fafard medium, but was 
still significantly lower than the three-year-old and two-year-old pine slash media. 
Comparisons of pre-experiment and post-experiment means for pH revealed some 
changes in pH during the experiment (Table 3.6). For example, the mean pH of the 
Fafard Medium decreased by 0.39 units from the beginning to the end of the 
experiment. The one-year-old-pine slash medium showed an increase in pH. 
The bulk density of the Fafard Medium was significantly lower than all 
experimental pine slash media (Table 3.3).  One-year-old pine slash medium had a 
lower bulk density than three-year-old pine slash medium and two-year-old pine slash 
medium, but higher than the Fafard Medium. Comparisons of pre-experiment bulk 
density for three-year-old pine slash medium to post experiment bulk density showed 
only small increase in bulk density, whereas there were differences in other media 
(Table 3.7).  
Pre-experimental pine slash media were visibly more coarse than the Fafard 
medium (Table 3.8). An initial view of the data showed a trend of larger percentages 
medium captured in the larger sieve sizes for one-year-old pine slash medium. These 
percentages appeared to decline for two-year-old pine slash medium and again for 
three-year-old pine slash medium.  For instance, one-year-old pine slash media had 
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13.86 % of total mass collected in the ½ inch sieve. Two-year-old pine slash medium, 
three-year-old pine slash medium, and Fafard medium averaged 9.81% 7.70%, and 
0.08% respectively.  Statistical analysis of three-eighths inch and smaller sieve sizes for 
pre-experiment particle size distribution data confirmed these observations.  Three-
year-old pine slash medium was statistically equivalent to the Fafard medium for every 
sieve size except one-fourth inch. One-year-old and two-year-old pine slash media were 
similar to the Fafard medium for the one-fourth inch and one-eighth sieve sizes.  A 
general overview of the data suggests the two-year-old and one-year-old pine slash 
media are more coarse than the three-year-old pine slash medium and the Fafard 
medium.  
Post experiment analysis of particle size distribution for media used for the 
Viburnum experiment revealed the highest percentage of smallest particle sizes in the 
Fafard and three-year-old pine slash media.  Fafard medium had the lowest percentage 
of media collected in the largest sieves (12.7 mm and 9.5 mm)(Table 3.9).  Similarly, the 
Fafard medium had the greatest percentage of medium collected in the smallest sieve 
sizes (3.2 mm and <3.2 mm), though, these observations were not always statistically 
different from three-year-old pine slash medium.  
Comparisons of pre-experiment and post experiment particle size distributions 
revealed un-expected trends (Tables 3.8, 3.9 and 3.10). All media, except the Fafard, 
appeared to show increases in percentages of particles captured in the larger sieve 
(Table 3.10). However, the only statistically significant change was observed for two-
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year-old pine slash medium within the 9.4mm to 6.4 mm size class in which there was a 
decrease in particle size from pre-experiment to post-experiment.  
Weigela  
 
 First year plant growth measurements, by height, were significantly greater for 
the Fafard medium than any of the pine slash media (Table 3.11). Three-year-old pine 
slash medium had similar shoot growth to that of two-year-old pine slash medium, but 
greater than that produced with one-year-old pine slash medium. 
 Plants gown in three-year-old pine slash medium had greater second season 
shoot growth than from the two-year-old pine slash medium and the Fafard medium 
(Table 3.11). The mean second season shoot growth was similar to growth observed on 
one-year-old pine slash medium. 
 The two-year mean total shoot growth for plants grown in three-year-old pine 
slash medium was significantly greater than the other pine slash media but similar to 
that observed with the Fafard medium (Table 3.11). 
 Weigela plants grown in Fafard medium had the greatest shoot dry mass (Table 
3.11). Although, three-year-old pine slash medium produced similar dry mass. Two-
year-old and one-year-old pine slash media had similar means that were lower than 
Fafard medium and three-year-old pine slash medium.  
Weigela plants grown in Fafard media were most likely to receive a root rating 
of 4 (Table 3.12). The Fafard medium was 8.6, 12.8 and 5.3 times more likely to receive 
a root rating of 4 than the three-year-old, two-year-old and one-year-old pine slash 
media, respectively. The other odds ratios were not significant. 
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 Post-experiment two-year-old pine slash medium had the highest pH, with a 
mean of 6.31, but was similar to three-year-old pine slash medium (Table 3.13). Fafard 
media had a mean pH of 5.59, which was lower than all other media.  All media, with 
exception of two-year-old pine slash media, appeared to have a decrease in pH from 
the beginning to the end of the experiment (Table 3.14). However, the differences were 
only significant for the Fafard medium that had a pH decrease of 0.37 units. 
 Fafard medium had significantly lower mean electrical conductivity when 
compared to the pine slash media. Mean E.C. measurements for pine slash media were 
approximately twice those observed in the Fafard medium (Table 3.13). Electrical 
conductivity measurements among pine slash media were not statistically different 
from each other. Comparison of pre-experiment E.C. measurements to post experiment 
measurements showed significant decreases in E.C. for all media (Table 3.15). 
Decreases in electrical conductivity ranged from 1.73 mS to 2.54 mS. 
 Fafard medium had significantly lower post-experiment bulk density for media 
that produced Weigela plants (Table 3.13). All of the pine slash media had nearly twice 
the mean bulk density compared to the Fafard medium. Mean bulk density did not 
significantly change from the beginning to the end of the experiment for the Fafard 
media or two-year-old pine slash medium. Three-year-old and one-year-old pine slash 
media had mean bulk densities significantly increase from pre-experiment observations 
(Table 3.16). 
The three pine slash media had similar but larger mean percentages of post 
experiment media captured in the >12.7 mm sieve than those of the Fafard media 
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(3.17).  This is consistent with observations from the viburnum experiment. Three-year-
old and one-year-old pine slash media had significantly less media captured in the 
9.4mm to 6.4mm size class when compared to media 2007 and media Fafard. Fafard 
medium had the significantly more media captured in the 6.3mm to the 3.2mm size 
class when compared to all other media. Three-year-old pine-slash-media had 
significantly more medium captured in the <3.2mm size class when compared to all 
other media. 
Significant changes were observed between pre-experiment and post 
experiment particle size distributions (Table 3.18). The mean percentage of particles 
captured in the <3.2mm size class increased for all ages of pine slash media. The pine 
slash media also had reductions in the percentage of particle captured in all other sieve 
sizes, although most of the perceived reductions were not statistically significant. 
Hypericum  
 
 First season shoot growth, measured by height, of Hypericum was significantly 
greater for plants grown in the Fafard media (Table 3.19). Plants grown in three-year-
old and one-year-old pine slash media had mean shoot growth that was significantly 
less than one-half that of the Fafard medium.  
 Shoot growth for the second season, by height, was greatest for plants grown in 
the three-year-old pine slash medium, but this mean height was similar to two-year-old 
and one-year-old pine slash media (Table 3.19). The Fafard medium had the lowest 
mean growth, but was not statistically different from the two-year-old or one-year-old 
pine slash media.  
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 Three-year-old pine slash media had the greatest mean total growth over the 
two seasons, by height, of 40.9 cm (Table 3.19).  This mean was significantly greater 
than the mean for one-year-old pine slash media, but was not different from the Fafard 
medium or two-year-old pine slash medium.  Two-year-old pine slash medium was 
similar to one-year-old pine slash medium.  
 Hypericum plants produced in two-year-old and three-year-old pine slash media 
produced significantly more mean shoot dry mass than in the other media (Table 3.19).  
Mean shoot dry mass for the Fafard medium was similar to one-year-old pine slash 
medium. 
 Plants grown all three ages of pine slash media were more likely to receive a 
rating of 4 when compared to Fafard medium (Table 3.20).  The root systems of plants 
grown in three-year-old, two-year-old and one-year-old pine-slash media were 46.4, 
41.6 and 58.4 times more likely to receive a rating of 4 than Fafard media, respectively.  
Hypericum plants grown in the three pine slash media were equally likely to receive a 
rating of 4. 
The highest mean pH for media used to grow Hypericum plants was 6.39 in the 
two-year-old pine slash media (Table 3.21). The pH in the two-year-old pine slash 
medium was similar to the mean pH for three-year-old pine slash medium. The mean 
pH for three-year-old and one-year-old pine slash media were not statistically different 
from each other, but were higher than the mean pH for the Fafard media.  The two-
year-old pine slash medium had a minor increase in pH from the beginning to the end 
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of the experiment (Table 3.22). The mean pH of the Fafard medium decreased with the 
same comparison. 
 Mean post-experiment electrical conductivity measurements ranged from 0.447 
mS to .576 mS (Table 3.21). No statistical differences were observed between mean 
E.C. values for media used to produce Hypericum plants. Comparison of pre-
experiment and post experiment means showed significant decreases in E.C. for all 
media (Tables 3.23). The Fafard medium had the smallest decrease, 1.81 mS, while the 
two-year-old pine slash media had the largest decrease, 2.68 mS. 
 The mean bulk density for three-year-old and two-year-old pine slash media 
used to grow Hypericum were identical (Table 3.21), and higher than one-year-old pine 
slash medium.  The Fafard media had the lowest mean bulk density.  A Comparison of 
pre-experiment and post experiment bulk density means showed no significant change 
with the two-year-old pine slash medium and the Fafard medium (Table 3.24).  
No statistical differences were observed between the mean percentages of 
post-experiment media captured in the <3.2mm sieve size (Table 3.25).  Media Fafard 
had more media captured in the 6.3mm to 3.2mm size class, when compared to all 
other media. Fafard media also had the least amount of media captured in the > 12.7 
mm size class. The observation was significantly lower than two-year-old and one-year-
old pine slash media.   
Changes in particle size distributions from the beginning to the end of the 
Hypericum experiment had similar trends to the Weigela experiment (Table 3.18 and 
3.26).  Every media appeared to have a reduction in percentage of media captured 
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within the largest four sieves, however not all of the decreases were significant. The 
only exception was observed on two-year-old pine slash medium, for the >12.7mm, 
which had a non-significant increase of 1.188%.  As expected, the collection pan, which 
gathered particles less than 3.2 mm, had an increase in percentage of collected media 
for all four media.  All ages of pine slash media showed significant increases in the 
percentage of media captured in this size class. Fafard media showed no significant 
changes in the particle size distribution  
Discussion  
 No growth was observed on the viburnum plants for first growing season.  Forty 
of the fifty-five viburnums planted were damaged and killed by mice between growing 
seasons. Mice killed sixteen viburnum plants that were being grown in three-year-old 
pine slash medium. From our observations, plants grown in two-year-old and one-year-
old pine slash media were not affected.  The mice seemed to have had a preference for 
the smaller particle sizes of the Fafard medium and the three-year-old pine slash 
medium.  
 First season plant height in the Fafard media was significantly greater than in 
any of the pine slash media (Table 3.11, 3.19).  This may have been caused by nitrogen 
deficiencies associated with microbial immobilization in the pine slash media. Nitrogen 
drawdown is a frequent problem with bark (Ansermino et al., 1995) and wood fiber 
based media.  Gartner et al. (1974) recommend fertilizing every watering with a 20-20-
20 fertilizer at rate of 250 mg/l (ppm) of N. Plants in our experiment were fertilized at a 
rate of 200 mg/l (ppm) N which may not have provided sufficient nitrogen to overcome 
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microbial immobilization.  The pine slash media had large percentages of easily 
degradable wood tissues, needles, pinecones and small branches. The one-year-old 
pine slash medium had visibly more of these types of plant tissues than the other pine 
slash media. The presence of easily degradable tissues within the three pine slash 
media may have contributed to the lower means for growth by height for season 1 
(Table 3.11, Table 3.19).  Pour-Through electro conductivity measurements of pre-
experiment media found Media 2007 to have the highest mean E.C. values. Means 
were found to be between 2.39 and 3.18 mS. A normal E.C. reading for a pour through 
measurements should be between 2.7 and 4.6 mS (Handreck and Black, 2007; Nelson, 
1998; Camberato et al., 2009). Therefore my E.C. measurements for the pine slash 
mixes were within normal ranges and salts did not likely have a negative influence on 
first season’s growth. 
 Three-year-old pine slash medium had mean growth, by height, for the second 
growing season that was greater than or equal to all other treatments for all 
experiments. The Fafard medium had the lowest mean growth, though the difference 
was not always significant. The lower means for the Fafard medium may have been due 
to bark and peat components not being able to dry between watering/rainfall. Media 
with composted pine bark have lower water holding capacities than peat based 
growing media and therefore require more frequent irrigation (Ansermino et al., 1995).  
Bohne (2004) observed significantly less plant available water in peat reduced and peat 
free media composed of pine bark and wood fiber when compared to peat media. Most 
of the growing season for 2009 (May, June and July) had above average precipitation 
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(Angel, 2011). Due to my experimental design, all treatments received equal amounts 
of water and fertilization. The Fafard medium had a higher water holding capacity than 
the experimental pine slash media, which required more frequent irrigation.  Our 
experimental design required an equal amount of irrigation to be applied to all 
treatments since the water was provided by overhead sprinkler irrigation.  In many 
instances, the plants in the Fafard medium were watered regardless of necessity.  
Ansermino et al. (1995) observed that pine bark media used for bedding plant 
production dried more between watering than peat based media. Excess irrigation may 
have limited growth of plants in the Fafard medium. Medium saturated with water has 
little to no air filled pores. Frequent overwatering can cause damage to root systems 
and subsequently reduce the plant’s ability of take up water and nutrients. Overall 
effects may include: stunting, nutrient deficiencies, and wilting (Nelson, 1998). 
 Plants grown in three-year-old pine slash medium had the highest mean total 
growth, as measured by height for all experiments. Treatment means were quite 
different for the Viburnum and Weigela experiments. The poor performance of the 
Viburnum plants in the Fafard media was most likely the result of excess irrigation and 
damage from mice. Means for the Viburnum and Weigela plants grown in two-year-old 
and one-year-old pine slash media were significantly lower than those of three-year-old 
pine slash medium.  The two-year-old and one-year-old pine slash media had larger 
particle sizes than three-year-old pine slash medium (Tables 3.8, 3.9, 3.17 & 3.25).  
Growth differences may be due to variations in particle size distributions and water 
retention. 
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Shoot dry mass measurements for plants grown in three-year-old pine slash 
medium were greater or equal to other treatments for each experiment (Tables 3.1, 
3.11 & 3.19). These findings were consistent with the means of total shoot growth by 
height. The three-year-old pine slash media seemed to provide a better growing 
substrate most likely due to more favorable water and air filled pore spaces, as 
discussed earlier in the chapter.  
 All pine slash media had significantly greater bulk density compared to the 
Fafard medium. Average bulk densities of the pine slash media ranged from 0.43 to 
0.52 g/cm3. This was higher than experimental media produced by Frangi et al. (2007).  
Bulk densities for the three pine slash media were closer to the 0.64 to 0.96 g/cm3 
recommended by (Nelson, 1998). The higher bulk density of the three pine slash media 
was likely the result of sandy composition of the pine slash samples provided for the 
experiment. The advantage of a higher bulk density is a more stable pot that resists 
tipping over. Disadvantages include increased strain on employees and increased 
transportation costs associated with additional weight (Nelson, 1998; Handreck and 
Black, 2007). 
 Analysis of pre-experiment particle size distributions supported visual 
observations of media coarseness. The media produced with younger slash samples, 
e.g. one-year-old pine slash, were more coarse than those produced with older slash 
samples, e.g. three-year-old pine slash.  The pre-experiment three-year-old pine slash 
medium was most similar to the Fafard control standard.  
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 Post-experiment particle size distributions from the three experiments showed 
a trend of larger percentages of particles captured in the >12.7mm and 12.6mm to 
9.5mm size classes for the pine slash media.  Similarly, Fafard media from the three 
experiments tended to have significantly more media captured in the smaller 6.3mm to 
3.2mm size class. Overall, percentages of media captured in the <3.2mm size class were 
similar among Fafard media and all pine slash media. 
 Changes in particle size distributions were similar in the Weigela and Hypericum 
experiments. All media tended to have decreases in all size classes with exception of 
the smallest <3.2mm size class. Significant changes in particle size distributions of pine 
slash based media were observed. No significant changes were observed for the Fafard 
media.  Overall, the decrease in media captured in the large size classes and increase in 
media captured in the smallest size class was likely the result of decomposition.  The 
changes within the pine slash based media indicated less biological stability when 
compared to the Fafard media.   
 The Viburnum experiment had an atypical change in particle size distributions.  
The percentage of media captured in the largest size classes increased while the 
smallest size classes decreased. 
Conclusions 
Flailed pine slash obtained from sustainable forestry management practices 
within the Pinelands National Reserve proved to be a successful component of 
container substrates for woody landscape plant production. Photographs of 
representative Viburnum, Weigela and Hypericum plants grown for the experiments 
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can be found in (Figures 3.4, 3.5 and 3.6), respectively. Substrates containing 80% 
flailed pine slash and 20% Mushroom compost, by volume, that were amended with 
five pounds of lime per cubic yard of flailed pine slash produced commercially 
acceptable plant growth. Substrates containing three-year-old flailed pine slash 
produced plants that were better or equal to plants grown in the Fafard nursery 
standard media.  Utilizing flailed pine slash as a container substrate will help improve 
the sustainability of management forest practices within the Pinelands National 
Reserve.  Before utilization, easily degradable plant tissues from the flailed pine slash 
should be allowed to decompose. An optimal particle size distribution should be 
obtained through decomposition or through grinding.  The flailed pine slash should be 
amended with dolomitic lime stone to raise the pH to appropriate levels.    
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Tables and Figures 
 
Figure 3.1 Photographs demonstrating the criteria used for a 1-4 visual root rating scale 
for Viburnum dentatum:  1 has very few healthy roots on the bottom on the root ball 
with sparse to no root growth on the sides of the root ball; 2 has root growth covering 
the bottom of the root ball and root growth visibly covering ¼ to ½ of the sides of the 
root ball;3 has root growth covering the bottom of the root ball and root growth visibly 
covering ¾ of the sides of the root ball, the rooting may be heavier on one side of the 
root ball; and 4 has root growth visible on the bottom of the pot and root growth fully 
covers all sides of the pot.  
Root 
Rating 











Figure 3.2 Photographs demonstrating the criteria used for a 1-4 visual root rating scale 
for Hypericum kalmianum roots: 1 little to no growth on the bottom of the root ball and 
½ to ¾ of the sides covered in root growth; 2 moderate root growth on the bottom of 
the root ball and ½ to ¾ of the sides covered in root growth; 3 bottom of root ball 
completely covered in root growth and the sides of root ball are 80% to 90% covered in 
root growth; and 4 root growth densely covered the entire root ball.  
Root 
Rating 






















Figure 3.3 Photographs demonstrating the criteria used for a 1-4 visual root rating scale 
for the evaluation of Weigela florida ‘Minuet’ roots: 1 has little to no root growth 
visible on bottom of root ball and sparse to no root growth visible on the sides of root 
ball; 2 roots cover less than ¼ of the bottom of the root ball and there was light root 
growth visible on the sides of the root ball; 3 root growth covered bottom of root ball 
with roots visibly growing on up to ½ of the side of the root ball; and 4 root growth 
covered the bottom root ball and roots visibly covered more than ½ of the sides of the 
root ball.  
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Figure 3.4 Viburnum dentatum plants grown in experimental pine slash media  
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Figure 3.6 Photographs of Hypericum kalmianum plants grown in experimental pine 
slash media  
3-Year Pine Slash Medium 
 
2-Year Pine Slash Medium 
 





Table 3.1 The effect of 4 media on the height and dry mass of Viburnum dentatum 
plants. 
 
Media Height (cm) Shoot Dry Mass (g) 
3-Year PSMz  35.5 ay 54.2 a 
2-Year PSM 26.1 b 37.9 b 
1-Year PSM 28.4 b 33.0 b 
Fafard  13.5 c 18.3 c 
Z
 PSM= Pine Slash Medium 
y 




Table 3.2 Odd ratio values of Viburnum dentatum root systems being rated as a 4z (or 






1-Year PSM Fafard 
3-Year PSMy  7.698* 2.814 55.442* 
2-Year PSM 0.13*xw   0.366 7.202 
1-Year PSM 0.335 2.735   19.699* 
Fafard  0.018* 0.139 0.051*   
z
 Root system quality ratings were 1= poor… 4= excellent 
y
 PSM= Pine Slash Medium 
x
 p<0.05 (significant) 
w
 Interaction readings are achieved by reading the horizontal media row vertical to media column (i.e. 2-
Year Pine Slash Medium is 0.13 times more likely of being rated as a 4 than 3-Year Pine Slash Medium). 
 
 
Table 3.3 Post-experiment characteristics of media in which Viburnum dentatum was 
grown.   
 
Media EC (mS) pH Bulk Density (g/ml)x 
3-Year PSMz .5807 ay 6.35 a .50 a 
2-Year PSM .5855 a 6.34 a .50 a 
1-Year PSM .5229 a 6.24 b .44 b 
Fafard .3783 b 5.57 c .20 c 
z
PSM= Pine Slash Medium 
y
Means separation by Tukey's, P≤0.05. Means with same letter within a column are not significantly 
different. 
x
Residuals Log10 transformed before analysis 
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Table 3.4 Comparisons of Electrical Conductivity between Pre-experiment and Post-
experiment media for Viburnum dentatum. 
 




Pre-experiment 3-Year PSMz vs. 
Post-Experiment 3-Year PSM  
-1.85 * 
Pre-experiment 2-Year PSM vs. Post-
Experiment 2-Year PSM  
-2.60 * 
Pre-experiment 1-Year PSM vs. Post-
Experiment 1-Year PSM 
-2.42 * 
Pre-experiment Fafard Medium vs. 
Post-experiment Fafard Medium 
-2.01 * 
z 
PSM=Pine Slash Medium 
y




 Comparisons significant at the 0.05 level indicated by * 
 
 
Table 3.5 Pre-experiment Chemical and Physical Characteristics of Four Media.  
 
Media EC (mS) pH Bulk Density (g/ml)x 
3-Year PSMz 2.432 ay 6.23 a 0.435 ab 
2-Year PSM 3.184 a 6.17 a 0.483 a 
1-Year PSM 3.056 a 6.21 a 0.408 b 
Fafard 2.389 a 5.97 b 0.213 c 
z
 PSM= Pine Slash Medium
  
y 
Means separation by Tukey's, P≤0.05. Means with same letter within a column are not significantly 
different. 
x 





Table 3.6 Comparison of pH between Pre-experiment and Post-experiment media with 
Viburnum dentatum.  
 




Pre-experiment 3-Year PSMz vs. 
Post-experiment 3-Year PSM  
0.117  
Pre-experiment 2-Year PSM vs. Post-
Experiment 2-Year PSM  
0.167 * 
Pre-experiment 1-Year PSM vs. Post-
Experiment 1-Year PSM 
0.031  
Pre-experiment Fafard Medium vs. 
Post-experiment Fafard Medium 
-0.391 * 
z
 PSM= Pine Slash Medium
  
y
 Comparisons significant at the 0.05 level indicated by * 
 
 
Table 3.7 Comparison of Bulk Density between Pre-experiment and Post-experiment 
media with Viburnum dentatum.  
 




Pre-experiment 3-Year PSMz vs. 
Post-experiment 3-Year PSM  
0.06691 * 
Pre-experiment 2-Year PSM vs. Post-
experiment 2-Year PSM  
0.01578  
Pre-experiment 1-Year PSM vs. Post-
experiment 1-Year PSM 
0.03088  
Pre-experiment Fafard Medium vs. 
Post-experiment Fafard Medium 
-0.0125  
z
 PSM= Pine Slash Medium 
y
 Comparisons significant at the 0.05 level indicated by * 
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Table 3.8 Pre-experiment particle size distributions expressed in percentages of total 
mass for each medium.  
 
 Particle Size Ranges 




- 9.5 mm 
(3/8 inch)  
9.4 
- 6.4 mm 
(1/4 inch) 
6.3 




3-Year PSMz  7.70 2.72 bw 5.29 b 17.40 a 66.90 ab 
2-Year PSM  9.81 5.88 a 9.29 a 15.03 a 59.98 b 
1-Year PSM 13.86 7.69 a 11.21 a 17.84 a 49.40 c 
Fafard 0.08 0.82 b 8.82 a 19.97 a 70.32 a 
z
 PSM= Pine Slash Medium  
y
 Data for the >12.7 mm sieve size failed normality assumptions and/or HOV. Comparisons would be not 
statistically valid. 
x 
English Units designate screen size 
w




Table 3.9 Post-experiment particle size distributions, expressed in percentages of total 
mass for each medium, for Viburnum dentatum.  
 
 Particle Size Ranges 
Media >12.7 mm 
(1/2 inch)yx 
12.6  
- 9.5 mm 
(3/8 inch)v 
9.4 
- 6.4 mm 
(1/4 inch) 
6.3 





3-Year PSMz  17.59 aw 4.51 a 6.90 a 14.85 b 60.66 ab 
2-Year PSM  16.06 a 6.34 a 8.96 a 12.40 b 54.71 b 
1-Year PSM 13.08 a 5.98 a 7.87 a 14.28 b 55.81 b 
Fafard  0.06 b 1.12 b 8.76 a 21.79 a 68.28 a 
z
 PSM= Pine Slash Medium 
y
 Residuals Square root transformed before analysis. 
x 
English Units designate screen size 
w 
Means separation by Tukey's, P≤0.05. Means with same letter within vertical column are not 
significantly different. 
v
 Residuals for the 12.6 -9.5 mm size class Log 10 transformed before analysis  
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Table 3.10 Change in the percentages of Particle Size Distributions between Pre-
experiment and Post-experiment media with Viburnum dentatum.  
 




(1/2 inch)yx  
12.6  
- 9.5 mm 
(3/8 inch)w 
9.4 
- 6.4 mm 
(1/4 inch) 
6.3 






Year PSMz vs. 
Post-experiment 
3-Year PSM 5.383 1.7849 1.6163 -2.553 -6.233 
Pre-experiment 2-
Year PSM vs. 
Post-experiment 
2-Year PSM 7.776 0.4568 -0.3291 -2.635 -5.273 
Pre-experiment 1-
Year PSM vs. 
Post-experiment 





Fafard Medium -0.026 0.3053 -0.0590 1.817 -2.038 
z
 PSM= Pine Slash Medium 
y
 English Units designate screen size 
x
 Data for the ½”sieve size failed normality assumptions and/or HOV. Comparisons would be not 
statistically valid. 
w 
Residuals for the 3/8” sieve size square root transformed before analysis 
v 










Season 1 Shoot 
Growth (cm)y 








3-Year PSMz 6.9 bx 33.9 a 40.8 a 45.8 a 
2-Year PSM 5.6 bc 27.6 b 33.2 b 33.2 b 
1-Year PSM 5.1 c 29.1 ab 34.2 b 36.6 b 
Fafard 9.7 a 25.2 b 35.2 ab 48.1 a 
Z
 PSM=Pine Slash Medium 
y 
Residuals square root transformed before analysis 
x
 Means separation by Tukey's, P≤0.05. Means with same letter within a column are not significantly 
different. 
w 
Residuals for log10 transformed before analysis 
 
 
Table 3.12 Media comparisons and odds ratio of Weigela florida root systems being 
rated as a 4w (or >3) for four growing media. 
 3-Year PSM 2-Year PSM 1-Year PSM Fafard 
3-Year PSMy  1.445 0.632 0.112* 
2-Year PSM 0.692x  0.438 0.078* 
1-Year PSM 1.582 2.286  0.177* 
Fafard 8.913*w 12.81* 5.636*  
z
 Root system quality ratings were 1= poor… 4= excellent 
y
 PSM=Pine Slash Medium 
x 
Interaction readings are achieved by reading the horizontal media row to the vertical media column (i.e. 
2-Year Pine Slash Medium is 0.692 times more likely of being rated as a 4 than 3-Year Pine Slash 
Medium). 
w 





Table 3.13 Post-experiment characteristics of media in which Weigela florida was 
grown.  
 




.6993 ay 6.23 ab .51 a 
2-Year 
PSM 
.6418 a  6.31 a .52 a 
1-Year 
PSM 
.7699 a 6.13 b .50 a 
Fafard .3330 b 5.59 c .21 b  
z 
PSM= Pine Slash Medium 
y 
Means separation by Tukey's, P≤0.05. Means with same letter within a column are not significantly 
different.  
x
 Residuals Log10 transformed before analysis.  
 
 
Table 3.14 Comparison of pH between Pre-experiment and Post-experiment media for 
Weigela florida. 
 




Pre-experiment 3-Year PSMz vs. 
Post-experiment 3-Year PSM 
-0.00233  
Pre-experiment 2-Year PSM vs. Post-
experiment 2-Year PSM 
0.139  
Pre-experiment 1-Year PSM vs. Post-
experiment 1-Year PSM 
-0.076  
Pre-experiment Fafard Medium vs. 
Post-experiment Fafard Medium 
-0.37444 * 
z
 PSM= Pine Slash Medium 
y
 Comparisons significant at the 0.05 level indicated by *  
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Table 3.15 Comparison of Electrical Conductivity between Pre-experiment and Post-







Pre-experiment 3-Year PSMz vs. 
Post-experiment 3-Year PSM 
-1.73 * 
Pre-experiment 2-Year PSM vs. Post-
experiment 2-Year PSM 
-2.54 * 
Pre-experiment 1-Year PSM vs. Post-
experiment 1-Year PSM 
-2.17 * 
Pre-experiment Fafard Medium vs. 
Post-experiment Fafard Medium 
-2.06 * 
z
 PSM= Pine Slash Medium 
y
 Comparisons significant at the 0.05 level indicated by * 
 
 
Table 3.16 Comparison of Bulk Density between Pre-experiment and Post-experiment 







Pre-experiment 3-Year PSMz vs. 
Post-experiment 3-Year PSM 
0.07941 * 
Pre-experiment 2-Year PSM vs. 
Post-experiment 2-Year PSM 
0.03878  
Pre-experiment 1-Year PSM vs. 
Post-experiment 1-Year PSM 
0.08708 * 
Pre-experiment Fafard Medium vs. 
Post-experiment Fafard Medium 
0.0007  
z 
PSM= Pine Slash Medium 
y
 Comparisons significant at the 0.05 level indicated by * 
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Table 3.17 Post-experiment particle size distributions, expressed in percentages of total 
mass for each medium, for Weigela florida.  
 
 Particle Size Ranges 
Media >12.7 mm 
(1/2 inch)yx 
12.6  
- 9.5 mm 
(3/8 inch) v 
9.4 
- 6.4 mm 
(1/4 inch) 
6.3 




3-Year PSMz  2.59 aw 2.00 3.07 b 9.69 c 82.65 a 
2-Year PSM  6.18 a 3.66 7.08 a 12.57 b 70.51 b 
1-Year PSM 5.72 a 4.21 4.79 b 10.66 bc 74.63 b 
Fafard  0.09 b 1.01 8.04 a 20.23 a 70.64 b 
z
 PSM= Pine Slash Medium 
y
 English units designate screen size 
x
 Residuals Square root transformed before analysis. 
w
 Means separation by Tukey's, P≤0.05. Means with same letter within vertical column are not 
significantly different. 
v






Table 3.18 Change in the percentages of particle size distributions from pre-experiment 
media to Post-experiment media for Weigela florida.  
 
 Particle Size Ranges 
Comparison >12.7 mm 
(1/2 inch)x  
12.6  




- 6.4 mm 
(1/4 inch) 
6.3  





Year PSM vs. Post-
experiment 3-Year 
PSM -5.104 -.7201 -2.2217 -7.712 ** 15.757 ** 
Pre-experiment 2-
Year PSM vs. Post-
experiment 2-Year 
PSM -3.635 -2.2202 -2.2161 -2.464 10.533 ** 
Pre-experiment 1-
Year PSM vs. Post-
experiment 1-Year 
PSM -8.146 -3.4758 
-6.4230 
**v -7.180 ** 25.228 ** 
Pre-experiment 
Fafard vs. Post-
experiment Fafard 0.007 0.1903 -0.7800 0.256 0.322 
z
 PSM= Pine Slash Medium 
y
 English units designate screen size 
x
 Data for the sieve size failed normality assumptions and/or HOV. Comparisons would not be statistically 
valid. 
w 
Residuals Square root transformed before analysis 
v
 Comparisons significant at the 0.05 level indicated by ** 
u 
Residuals Log10 transformed before analysis 
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Table 3.19 The effect of four media on shoot growth and dry mass of Hypericum 
kalmianum. 
 
Media Season 1 Shoot 
Growth (cm)y 





Dry Mass (g) 
3-Year PSMz 3.0 bcx 37.9 a 40.9 a 54.9 a 
2-Year PSM 4.1 b 36.4 ab 40.6 ab 55.8 a 
1-Year PSM 2.4 c 35.9 ab 38.3 b 49.7 b 
Fafard 6.5 a 34.3 b 40.8 a 49.7 b 
z
 PSM= Pine Slash Medium 
y 
Residuals square root transformed before analysis  
x 
Means separation by Tukey's, P≤0.05. Means with same letter within a column are not significantly 
different. 
w 
Residuals power 1.5 transformed before analysis 
 
 
Table 3.20 Media comparisons and odds ratio of Hypericum kalmianum root systems 
being rated as a 4z (or >3) for four different growing media. 
 
 3-Year PSM 2-Year PSM 1-Year PSM Fafard 
3-Year PSMy  1.114 0.795 46.428* 
2-Year PSM 0.897x  0.713 41.66* 
1-Year PSM 1.259 1.403  58.436* 
Fafard 0.22*w 0.024* 0.017  
z
 Root system quality ratings were 1= poor… 4=excellent  
y
 PSM= Pine Slash Medium 
x 
Interaction readings are achieved by reading horizontal media row to vertical media column (i.e. Media 
2007 is 0.897 times more likely of being rated as a 4 than Media 2006). 
w 
p<0.05 (significant) indicated by asterisk  
 
 
Table 3.21 Post-experiment characteristics of media in which Hypericum kalmianum 
was grown.  
 
Media EC (mS) pH Bulk Density 
(g/ml)x 
3-Year PSMz 0.447 ay 6.27 ab .51 a 
2-Year PSM 0.502 a 6.39 a .51 a 
1-Year PSM 0.527 a 6.22 b .46 b 
Fafard 0.576 a 5.87 c .22 c  
z
 PSM= Pine Slash Medium 
y








Table 3.22 Comparison of pH between Pre-experiment and Post-experiment media for 
Hypericum kalmianum. 
 




Pre-experiment 3-Year PSMz vs. 
Post-experiment 3-Year PSM 
0.036  
Pre-experiment 2-Year PSM vs. 
Post-experiment 2-Year PSM 
0.198 * 
Pre-experiment 1-Year PSM vs. 
Post-experiment 1-Year PSM  
0.010  
Pre-experiment Fafard Medium vs. 
Post-experiment Fafard Medium 
-0.093  
z
 PSM= Pine Slash Medium 
y
 Comparisons significant at the 0.05 level indicated by asterisk  
 
 
Table 3.23 Comparison of Electrical Conductivity between Pre-experiment and Post-
experiment media for Hypericum kalmianum. 
 




Pre-experiment 3-Year PSMz vs. 
Post-experiment 3-Year PSM 
-1.99 * 
Pre-experiment 2-Year PSM vs. 
Post-experiment 2-Year PSM 
-2.68 * 
Pre-experiment 1-Year PSM vs. 
Post-experiment 1-Year PSM 
-2.42 * 
Pre-experiment Fafard Media vs. 
Post-experiment Fafard Media 
-1.81 * 
z
 PSM= Pine Slash Medium  
y
 Comparisons significant at the 0.05 level indicated by * 
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Table 3.24 Comparison of Bulk Density between Pre-experiment and Post-experiment 
media for Hypericum kalmianum. 
 




Pre-experiment 3-Year PSMz vs. 
Post-experiment 3-Year PSM 
0.0782 * 
Pre-experiment 2-Year PSM vs. 
Post-experiment 2-Year PSM 
0.0310  
Pre-experiment 1-Year PSM vs. 
Post-experiment 1-Year PSM 
0.0482 * 
Pre-experiment Fafard Media vs. 
Post-experiment Fafard Media 
0.0103  
z
 PSM= Pine Slash Medium  
y
 Comparisons significant at the 0.05 level indicated by asterisk 
 
 
Table 3.25 Post-experiment particle size distributions, expressed in percentages of total 
mass for each medium, for Hypericum kalmianum. 
 
 Particle Size Ranges 

















3-Year PSMz 3.12 bcw 1.50 b 3.68 b 11.75 b 79.95 a 
2-Year PSM  11.01 a 3.75 a 4.52 b 9.68 b 71.04 a 
1-Year PSM 8.63 ab 3.38 a 5.24 ab 10.66 b 72.09 a 
Fafard  0.02 c 0.79 b 7.66 a 18.47 a 73.06 a 
z
 PSM= Pine Slash Medium 
y
 English units designate screen size 
x
 Residuals Square root transformed before analysis. 
w
 Means separation by Tukey's, P≤0.05. Means with same letter within vertical column are not 
significantly different. 
v 
Residuals Log 10 transformed before analysis  
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Table 3.26 Change in the percentages of particle size distributions between pre-experi 
ment and post-experiment media for Hypericum kalmianum.  
 
 Particle Size Ranges 




- 9.5 mm 
(3/8 inch) c 
9.4 
- 6.4 mm 
(1/4 inch)c 
6.3  





Year PSMz vs. 
Post-experiment 
3-Year PSM -4.578 -1.2201 -1.6027 -5.653 ** 13.051 ** 
Pre-experiment 2-
Year PSM vs. 
Post-experiment 
2-Year PSM 1.188 -2.1282 -4.7711 ** -5.351 ** 11.058 ** 
Pre-experiment 1-
Year PSM vs. 
Post-experiment 





Fafard Medium -0.059 -.0277 -1.1580 -1.503 2.742 
z
 PSM= Pine Slash Medium 
y
 English units designate screen size 
x
 Data for the sieve size failed normality assumptions and/or HOV. Comparisons are not statistically valid. 
w 
Residuals Square root transformed before analysis
 
v
 Comparisons significant at the 0.05 level indicated by ** 
u 




CHAPTER 4: CRANBERRY PROPAGATION WITH FLAILED PINE SLASH MEDIA 
Introduction 
 Traditionally, American Cranberry (Vaccinium macrocarpon) bogs have been 
established utilizing vines harvested from established fields.  This method works well 
due to its simplicity and lack of need for sophisticated equipment.  Alternative 
propagation methods, such as transplants from cuttings, have gained interest due to a 
demand for rapid production of cultivated plants true to the parent plant and for 
introduction of new cultivars.  Transplants can be generated from cuttings in 
greenhouse systems and then transplanted into the field (McCrown and Zeldin, 1994). 
 Cranberry production in New Jersey is located in the Pinelands National 
Reserve.  The growers own acreages of forested land that represent a resource that 
should be sustainably and economically managed. As with other perennial cropping 
systems, cranberry production benefits from the reconditioning of established bogs.  
The introduction of new cultivars represents a substantial economic opportunity for 
growers to increase their yields and profits. The reconditioning of old bogs that have 
been out of commercial production also represents an opportunity for growers to 
increase production without clearing established forested land and changing long 
established drainage patterns. 
 The objective of this experiment was to evaluate flailed pine plash as a 
component of propagation mixes for ericaceous plants such as the American Cranberry. 
Flailed pine slash samples from two sources were utilized to make several propagation 
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mixes. The mixes were then examined for potential influence on cranberry plant 
propagation by cuttings. 
Materials and Methods 
Cuttings 
Hardwood cuttings of American Cranberry (Vaccinium macrocapon cv. Stevens) were 
obtained from Rutgers’ Philip E. Marucci Center for Blueberry and Cranberry Research, 
Chatsworth, NJ, in March 2008. Cuttings were packed with moist sphagnum moss and 
stored in a laboratory refrigerator until propagation.  Each cutting was approximately 
7.6 cm (3 inches) in length. 
Propagation Mixes 
 Flailed pine slash samples were obtained from South Jersey Timber and Chip , 
Elmer, NJ in March 2008.  Two types of flailed pine slash were sampled.  The first 
sample referred to hereafter as Lee Brothers, was collected from a pine slash pile that 
had been produced three years prior to collection. The Lee Brothers flailed pine slash 
had similar composition to three-year-old flailed pine slash discussed in Chapter 3. The 
second sample, referred to as South Jersey Timber and Chip (SJTC), was obtained from 
a pile that had been produced two years prior to collection. SJTC flailed pine slash had 
properties that were similar to two-year-old flailed pine slash discussed in Chapter 3.  
 Six experimental propagation mixes were developed using the flailed pine slash 
samples provided. Experimental mixes consisted of the following components by 
volume: 
1. 100% Lee Brothers Flailed Pine Slash 
2. 66.6% Lee Brothers Flailed Pine Slash 33.3% Sand 
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3. 66.6% Lee Brothers Flailed Pine Slash 33.3% Perlite 
4. 100% SJTC Flailed Pine Slash 
5. 66.6% SJTC Flailed Pine Slash 33.3% Sand 
6. 66.6% SJTC Flailed Pine Slash 33.3% Perlite 
 
 All media were mixed in a 3 ft3 cement mixer for 2 minutes. Immediately after 
mixing, media were transferred to 38-round-cell propagation trays and placed on 
greenhouse benches.  
Rooting 
 Each cutting was dipped in a 1000 ppm IBA solution.  The solution contained 
0.5g IBA, 125 ml Isopropyl Alcohol and enough R.O. water to bring the total volume to 
500ml. One cutting was inserted into each propagation cell for a total of 38 cuttings per 
flat.  Four flats of each mix were filled with cuttings.  Flats were arranged in a 
completely randomized design on a greenhouse bench at the University of Illinois 
Landscape Horticulture Research Farm (Urbana, IL).  Initially, cuttings were manually 
misted 3 times a day.  Manual watering with a standard greenhouse wand occurred 
once cuttings had rooted and developed new growth. Rooted cuttings were fertilized 
each watering with at a rate of 200 mg/l (ppm) nitrogen, 20-20-20 (Plantex® 20:20:20, 
Plants Products Co. Ltd., Brampton, Ontario, Canada).  June 15th 2008, Flats were 
moved to an outdoor bench, and manually watered twice daily. All treatments were 
sprayed on Sept 5th with a mild insecticide (M-Pede, Dow AgroSciences LLC 
Indianapolis, IN,) to control aphids (Aphidinae). Plants were moved back into 




 Data on percent survival, total shoot growth per flat (measured by length), total 
number of secondary branches and total number of tertiary branches was collected in 
January 2009.  
 Plants were clipped 2.5cm (1 inch) from the media. The number of secondary 
branches, originating from the original cutting, and tertiary branches, originating from 
the secondary branch, was counted.  Length of each secondary and tertiary branch was 
recorded and combined to one observation of top growth by length. Percent survival 
was determined by dividing number of living cuttings from the tray total, which was 38. 
Data for percent survival, top growth, number of secondary shoots and number of 
primary shoots were analyzed using SAS 9.2 software.  Analysis of variance was 
determined with the SAS GLM procedure.  Normality of the residuals was confirmed 
using the Shapiro-Wilk test, with within the univariate procedure.  Homogeneity of 
residual variance was confirmed using Brown and Forsythe’s test within the GLM 
procedure. Means separation was performed using Tukey’s Test within the GLM 
procedure (SAS Institute Inc., Cary, NC). 
Results 
Survival of the cranberry cuttings ranged from 78.9 to 92.1 percent (Table 4.1). 
Lowest survival rates occurred within the propagation mixes containing sand and 
highest survival rates occurred within media containing perlite.  However, none of the 
mixes were found to be statistically different in terms of plant survival.  
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 Mean shoot growth measurements were highest for the Lee Brothers 100% and 
Lee Brothers Perlite mix, which averaged 55.4 meters per tray (Table 4.2).  This was 
statistically more top growth when compared to mixes containing sand, but was not 
statistically different from 100% pine slash mixes or SJTC amended with perlite.  
The number of secondary shoots was greatest with Lee Brothers 100% and Lee 
Brothers Perlite mixture (Table 4.3). This mean was statistically greater than the two 
mixes that contained sand, but was not greater than any other mix.  Un-amended Lee 
Brothers flailed pine slash and the Lee Brothers perlite mixture had the most tertiary 
shoots per tray (Table 4.3). These two mixtures also had significantly more secondary 
shoots when compared to all other propagation mixes.  Mixes amended with sand had 
the fewest number of secondary shoots.  
Discussion 
 The American cranberry is reported to be one of the easiest ericaceous plants to 
root. Soft and semi-hardwood cuttings treated with 1,000 mg/l (ppm) IBA have had 
success rates approach 100% (Dirr and Heuser, 1987; Dirr, 2009). Abolins and Gurtaja 
(2006) had similar success rates with American cranberry cuttings rooted under field 
and greenhouse conditions.  They reported an average survival rate of 85%, and with 
select cultivars well over 90%.  Our results were comparable with an average percent 
survival of 87% for all media tested. 
Mixes amended with sand had the lowest survival rates as well as the fewest 
number of secondary and tertiary shoots. Both un-amended and perlite amended Lee 
brothers flailed pine slash had the most secondary and tertiary shoots per tray. Since 
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the sand added to the rooting substrates had a smaller particle size than perlite, it 
decreased drainage. The flailed pine slash samples had sandy composition prior to 
being amended with additional sand. The sand we added to the mix likely increased the 
ability to hold water. As a result, the sand mixes stayed wetter creating less favorable 
water potentials between irrigations. Sand also has less ability to retain nutrients.  
However, our fertilization rate should have been enough to overcome the sand’s poor 
nutrient retention. 
Conclusions 
 Flailed pine slash, allowed to decompose for two to three years, proved to be a 
successful medium for propagation of hardwood cranberry cuttings. Amending the 
flailed pine slash with perlite at a 2:1 (v/v) is optional, but did not provide additional 
benefits during this experiment. The use of sand as an amendment had no effect on 
cranberry plant survival. However, sand amended media had the less shoot growth and 




Table 4.1 Hardwood cutting survival percentages of Vaccinium macrocarpon ‘Stevens’ 
rooted in 6 experimental pine slash media. 
 
Media Mean Percent 
Survival Per 
Tray 
Lee Brothersz 100% 85.5 ax 
2:1 Lee Brothers / Perlite 91.4 a 
2:1 Lee Brothers / Sand 78.9 a 
SJTCy 100% 88.8 a 
2:1 SJTC / Perlite 92.1 a 
2:1 SJTC / Sand 85.5 a 
z
 Lee Brothers= Lee Brothers flailed pine slash, which had similar composition to three-year-old flailed 
pine slash  
y
 SJTC= South Jersey Timber and Chip flailed pine slash, which had similar composition to two-year-old 
flailed pine slash 
x




Table 4.2 Total growth length for Vaccinium macrocarpon ‘Stevens’ rooted in 6 




Growth Per Tray 
(cm)x 
Lee Brothersz 100% 5246.0 aw 
2:1 Lee Brothers / Perlite 5535.8 a 
2:1 Lee Brothers / Sand 1378.1 b 
SJTCy 100% 3771.0 a 
2:1 SJTC / Perlite 4344.1 a 
2:1 SJTC / Sand 1220.7 b 
z
 Lee Brothers= Lee Brothers flailed pine slash, which had similar composition to three-year-old flailed 
pine slash  
y




 Residuals Log 10 transformed before analysis 
w





Table 4.3  Mean number of primary and secondary shoots per tray of hardwood 
cuttings of Vaccinium macrocarpon ‘Stevens’. 
 
Media Mean Number 
of Secondary 
Shoots Per Tray 
Mean Number of 
Tertiary Shoots 
Per Tray 
Lee Brothersz 100% 157.0 ax 37.5 ax 
2:1 Lee Brothers / Perlite 161.5 a 33.0 a 
2:1 Lee Brothers / Sand   89.3 c 1.25 b 
SJTCy 100% 127.0 abc 11.5 b 
2:1 SJTC / Perlite 130.5 ab 10.8 b 
2:1 SJTC / Sand 98.75 bc   9.3 b 
z
 Lee Brothers= Lee Brothers flailed pine slash, which had similar composition to three-year-old 
flailed pine slash  
y
 SJTC= South Jersey Timber and Chip flailed pine slash, which had similar composition to two-
year-old flailed pine slash
 
x







Abad, M., Noguera, P., & Burés, S. (2001). National inventory of organic wastes for use 
as growing media for ornamental potted plant production: Case study in Spain. 
Bioresource Technology, 77, 197-200.  
 
Abolins, M., and Gurtaja, L. (2006). Vaccinium Spp. Production Techniques In Latvia. 
Acta Horticulturae, 715, 185-190.  
 
Abreu, C. A., Furlani, Â. M. C., Furlani, P. R., Abreu, M. F., Bataglia, O. C., & Paz-
Gonzalez, A. (2006). Quest of water extract analysis of micronutrients in soilless 
organic substrates. Communications in Soil Science and Plant Analysis, 37, 2327-
2338.  
 
Alexander, P. D., Bragg, N. C., Meade, R., Padelopoulos, G., & Watts, O. (2008). Peat in 
horticulture and conservation: The UK response to a changing world. Mires and 
Peat, 3, 1-10.  
 
Allison, F. E., & Murphy, R. M. (1961). Comparative rates of decomposition in soil of 
wood and bark particles of several softwood species. Proceedings of the Soil 
Science Society of America, 25, 193-196.  
 
Allison, F. E., & Murphy, R. M. (1962). Comparative rates of decomposition in soil of 
wood and bark particles of several hardwood species. Proceedings of the Soil 
Science Society of America, 26, 463-466.  
 
Allison, F. E., & Murphy, R. M. (1963). Comparative rates of decomposition in soil of 
wood and bark particles of several species of pines. Proceedings of the Soil Science 
Society of America, 27, 309-312.  
 
Altland, J. E., & Buamscha, G. M. (2008). Nutrient availability from douglas fir bark in 
response to substrate pH. HortScience, 43(2), 478-483.  
 
American Mushroom Institute. (2006). Mushroom compost. Retrieved December 5, 
2010, from http://www.americanmushroom.org/compost.htm  
 
Angel, J. (2011). Climate observations for Champaign-Urbana, IL. Retrieved April 8, 
2011, from http://www.isws.illinois.edu/atmos/statecli/cuweather/index.htm  
 
Ansermino, S. D., Holcroft, D. M., & Levin, J. B. (1995). A comparison of peat and pine 








Barkham, J. P. (1993). For peat's sake: Conservation or exploitation?. Biodiversity and 
Conservation, 2, 556-566.  
 
Bohne, H. (2004). Growth of nursery crops in peat-reduced and peat-free susstrates. 
Acta Hort, 644, 103-106.  
 
Buamscha, G. M., Altland, J. E., Sullivan, D. M., Horneck, D. A., & Cassidy, J. (2007). 
Chemical and physical properties of douglas fir bark relevant to the production of 
container plants HortScience, 42(5), 1281-1286.  
 
Bunt, A. C. (1986). Problems in the analysis of organic and lightweight potting 
substrates. HortScience, 21(2), 229-231.  
 
Camberato, D. M., Lopez, R. G. & Mickelbark, M. V. (2009). pH and electrical 
conductivity measurements in soilless substrates. Retrieved 7 March, 2011, from 
http://www.extension.purdue.edu/extmedia/HO/HO-237-W.pdf  
 
The Canadian Sphagnum Peat Moss Association. (2011). Peat moss and the 
environment: Environment FAQ. Retrieved Nov. 12, 2010, from 
http://www.peatmoss.com/pm-efaq.php  
 
Chen, Y., & Avnimelech, Y. (Eds.). (1986). The role of organic matter in modern 
agriculture. Dordrecht: Martinus Nijhoff Publishers.  
 
Cox, D. (2005). Current methods of greenhouse media testing and how they differ. 




de Boodt, M., & Verdonck, O. (1972). The physical properties of the substrates in 
horticulture. Acta Horticulturae, 26, 37-44.  
 
Dirr, M. A. (2009). Manual of woody landscape plants: Their identification, ornamental 
characteristics, culture, propagation and uses (6th ed.). Champagin, IL: Stipes 
Publishing L.L.C.  
 
Dirr, M. A., & Heuser, C. W. J. (1987). The reference manual of woody plant 
propagation: From seed to tissue culture. Athens, Georgia: Varsity Press, Inc.  
 
 84 
EPA fact sheet: Asbestos -contaminated vermiculite. (2000). Retrieved Feb. 5, 2011, 
from http://www.epa.gov/asbestos/pubs/vermfacts.pdf  
 
Estévez-Schwarz, I., Seoane, S., Núñez, A., & López-Mosquera, M. E. (2009). 
Characterization and evaluation of compost utilized as ornamental plant substrate. 
Compost Science and Utilization, 17(4), 210-219.  
Fain, G. B., Gilliam, C. H., Sibley, J. L., & Boyer, C. R. (2008). Whole tree substrate and 
fertilizer rate in production of greenhouse-grown petunia (Petunia x hybrida vilm.) 
and marigold (Tagetes patula L.). HortScience, 43(3), 700-705.  
 
Fernandes, C., & Corá, J. E. (2004). Bulk density and relationship air/water of 
horticultural substrate. Scientia Agricola, 61(4), 446-450.  
 
Frangi, P., Amorosos, G., Ferrini, F., & Fini, A. (2008). Growth of ornamental shrubs in 
wood fibre-based growing media. Acta Horticulturae, 801, 1571-1567.  
 
Gartner, J. B., Meyer, M. M. J., & Saupe, D. C. (1971). Hardwood bark as a growing 
media for container-grown ornamentals. Forest Products Journal, 21(5), 25-29.  
 
Gartner, J. B., & Williams, D. J. (1978). Horticultural uses for bark: A review of current 
research. Technical Association of the Pulp and Paper Industry, 61(7), 83-86.  
 
Gartner, J. B., Still, S. M., & Klett, J. E. (1974). The use of bark waste as a substrate in 
horticulture. Acta Horticulturae, 37, 2003-2012.  
 




Handreck, K. A. (1983). Particle size and physical properties of growing media for 
containers. Communications in Soil Science and Plant Analysis, 14(3), 209-222.  
 
Handreck, K., & Black, N. (2007). Growing media for ornamental plants and turf (3rd 
ed.). Sydney, New South Wales: University of South Wales Press.  
 
Jackson, B. E. (2009, Sept. 2009). A suitable substrate alternative. American 
Nurseryman, 28-33.  
 
Jackson, B. E., & Wright, R. D. (2009). Pine tree substrate: An alternative and renewable 
substrate for horticultural crop production. Acta Horticulturae, 819, 265-272.  
 
Jackson, B. E., Browder, J., F., & Wright, R. D. (2006). A comparison of nutrient 
requirements between pine chip and pine bark substrates. Combined Proceedings 
International Plant Propagators' Society, 56, 622-626.  
 85 
 
Jackson, B. E., Wright, A. N., Cole, D. M., & Sibley, J. L. (2005A). Cotton gin compost as a 
substitute component in container production of nursery crops. Journal of 
Environmental Horticulture, 23(3), 118-122.  
 
Jackson, B. E., Wright, A. N., Sibley, J. L., & Kemble, J. M. (2005B). Root growth of three 
horticultural crops in pine bark amended cotton gin compost. Journal of 
Environmental Horticulture, 23(3), 133-137.  
 
Jackson, B. E., Wright, R. D., & Alley, M. M. (2009A). Comparison of fertilizer nitrogen 
availability, nitrogen immobilization, substrate carbon dioxide efflux, and nutrient 
leaching in peat-lite, pine bark, and pine tree substrates. HortScience, 44(3), 781-
79.  
 
Jackson, B. E., Wright, R. D., & Barnes, M. C. (2008A). Pine tree substrate, nitrogen rate, 
particle size and peat amendment affect poinsettia growth and substrate physical 
properties. HortScience, 43(7), 2155-2161.  
 
Jackson, B. E., Wright, R. D., Browder, J., F., Harris, R. J., & Niermiera, A. X. (2008B). 
Effect of fertilizer rate on growth of azalea and holly in pine bark and pine tree 
substrates. HortScience, 43(5), 1561-1568.  
 
Jackson, B. E., Wright, R. D., & Seiler, M. M. (2009B). Changes in chemical and physical 
properties of pine tree substrate and pine bark during long-term nursery crop 
production. HortScience, 44(3), 791-799.  
 
Klett, J. E., Gartner, J. B., & Hughes, T. D. (1972). Utilization of hardwood bark in media 
for growing woody ornamental plants in containers. Journal of the American 
Society for Horticultural Science, 97(4), 448-450.  
 
Klick, J. (2009). Altering taproot architecture of black tupelo (Nyssa sylvatica) to A more 
fibrous root system. Unpublished MS Thesis, University of Illinois at Urbana-
Champaign,  
 
Klute, A. (Ed.). (1986). Methods of soil analysis. part 1. physical and mineralogical 
methods (2nd ed.). Madison, Wisconsin: American Society of Agronomy, Inc. Soil 
Science Society of America, Inc,.  
 
Knoxfield, J. E. (1995). Testing and interpretation of saltinity and pH. Retrieved 16 Feb. 






Kurth, E. F. (1947). The chemical composition of bark Chemical Reviews, 40(1), 33-49.  
 
Lamanna, D., Castelnuovo, M., & D'Angelo, G. (1991). Compost-based media as 
alternative to peat on ten pot ornamentals. Acta Horticulturae, 294, 125-129.  
 
Lanzi, A., Incrocci, R., Pardossi, A., & Marzialetti, P. (2009). Evaluation of some peat-
alternative substrates in horticultural crops. Acta Horticulturae, 807, 553-558.  
Leifert, C., Pryce, S., Lumsden, P. J., & Waites, W. M. (1992). Effect of medium acidity on 
growth and rooting of different plant species growing in vitro. Plant Cell, Tissue 
and Organ Culture, 30(3), 171-179.  
 
Lemaire, F. (1995). Physical chemical and biological properties of growing medium. Acta 
Horticulturae, 396, 273-284.  
 
Lemaire, F. (1997). The problem of the biostability in organic substrates. Acta 
Horticulturae, 450, 63-69.  
 
Lunt, O. R., & Clark, B. (1959). Horticultural applications for bark and wood fragments. 
Forest Products Journal, 9, 39a-42a.   
 
McCrown, B., & Zeldin, E. (1994). Vines versus transplants for planting your marsh. 
Wisconsin Cranberry School Proceedings, 5, 9-12. Retrieved from 
http://digital.library.wisc.edu/1711.dl/WI.cranproc1994  
 
Nash, V. E., & Laiche, A. J. (1981). Changes in the characteristics of potting media with 
time. Communications in Soil Science and Plant Analysis, 12, 1011-1020.  
 
Nelson, P. V. (1998). Greenhouse operation and managment (5th ed.). Upper Saddle 
River, NJ: Prentice Hall.  
 
Odneal, M. B., & Kaps, M. L. (1990). Fresh and aged pine bark as soil amendments for 
establishment of highbush blueberry. HortScience, 25(10), 1228-1229.  
 
Offord, C. A., Muir, S., & Tyler, J. L. (1998). Growth of selected Australian plants in 
soilless media using coir as a substitute for peat. Australian Journal of Experimental 
Agriculture, 38, 879-887.  
 
Ogden, R. J., Pokorny, F. A., & Mills, H. A. (1987). Elemental status of pine bark-based 
potting media. Horticultural Reviews, 9, 103-131.  
 
Olszewski, M. W., Trego, T. A., & Kuper, R. (2009). Effects of peat moss substitution 
with arboretum and greenhouse waste compost for use in container media. 
Compost Science and Utilization, 17(3), 151-157.  
 
 87 
Papadopoulos, A., P., Bar-Tal, A., Silber, A., Saha, U. K., & Raviv, M. (2007). Inorganic 
and synthetic organic components of soilless culture and potting mixes. In M. 
Raviv, & H. J. Lieth (Eds.), Soilless culture: Theory and practice (1st ed., pp. 505-
543). London: Elsevier.  
 
Pasian, C. C. (1997). Physical characteristics of growing mixes. Retrieved February 25, 
2011, from http://ohioline.osu.edu/hyg-fact/1000/1251.html  
 
Raviv, M., & Lieth, H. J. (Eds.). (2008). Soilless culture: Theory and practice (1st ed.). 
Amsterdam ; London: Elsevier Science.  
 
Raviv, M., Wallach, R., Silber, A., & Bar-Tal, A. (2002). Substrates and their analysis. In D. 
Savvas, & H. Passam (Eds.), Hydroponic production of vegetables and ornamentals 
(pp. 25-99). Athens Greece: Embryo Publications.  
 
Richards, D., Lane, M., & Beardsell, D. V. (1986). The influence of particle-size 
distribution in pinebark:sand:brown coal potting mixes on water supply, aeration 
and plant growth. Scientia Horticulturae, 29(1-2), 1-14.   
 
Riviére, L., & Caron, J. (2001). Research on substrates:State of the art and need for the 
coming 10 years. Acta Horticulturae, 548, 29-41.  
 
Riviere, L. M., & Milhua, C. (1984). The use of wood waste composts in the making of 
substrates for container crops. Acta Horticulturae, 150, 475-490.  
 
Robbins, J. A., & Evans, M. R. (2001). Growing media for container production in a 
greenhouse or nursery: Part II (physical and chemical properties). Retrieved 7 
March, 2011, from http://www.uaex.edu/Other_Areas/publications/PDF/FSA-
6098.pdf  
 
Robertson, R. A. (1993). Peat, horticulture and environment. Biodiversity and 
Conservation, 2(5), 541-547.  
 
SAS Institute (2008). SAS Systems for windows. Version 9.2. SAS Institute, Inc., Cary, 
N.C. 
 
Silber, A., & Bar-Tal, A. (2008). Nutrition of substrate-grown plants. In M. Raviv, & H. J. 
Lieth (Eds.), Soilless culture: Theory and practice (1st ed., pp. 291-339). London: 
Elsevier.   
 
Sonneveld, C. S., Van Den Ende, J., & Van Dijk, P. A. (1974). Analysis of growing media 
by means of a 1:1.5 volume extract. Communications in Soil Science and Plant 
Analysis, 5(3), 183-202.  
 
 88 
Still, S. M., Dirr, M. A., & Gartner, J. B. (1974). Effect of nitrogen and composting on 
decomposition of barks from four hardwood species. Forest Products Journal, 
24(7), 54-56.  
 




U.S. Geological Survey. (2011). Mineral commodity summaries 2011: Peat. U.S. 
Geological Survey.  
 
United States Department of Agriculture Farm Service Agency. (2010A). BCAP eligible 
materials list as of december 21, 2010. Retrieved Feb. 5, 2011, from 
http://www.fsa.usda.gov/Internet/FSA_File/bcap_eligible_materials.pdf  
 
United States Department of Agriculture Farm Service Agency. (2010B). Fact sheet: 
Biomass crop assistance program (BCAP)United States Department of Agriculture.  
 
Wang, S. H., Lohr, V. I., & Coffey, D. L. (1984). Growth response of selected vegetable 
crops to spent mushroom compost application in a controlled environment. Plant 
and Soil, 82(1), 31-40.  
 
Warncke, D. D. (1986). Analyzing greenhouse growth media by the saturation 
extraction method. HortScience, 21, 223-225.  
 
Whitnam, J., & Buxton, R. (1997). Sphagnum peatland of Australia: An assessment of 
harvesting sustainability. Biological Conservation, 82, 21-29.   
 
Wright, A. N., Niemiera, A. X., Harris, R. J., & Wright, R. D. (1999). Micronutrient 
fertilization of woody seedlings essential regardless of pine bark pH. Journal of 
Environmental Horticulture, 17(2), 69-72.  
 
Wright, R. D. (1986). The pour-through nutrient extraction procedure. HortScience, 
21(2), 227-229.  
 
Wright, R. D., Browder, J. F., & Jackson, B. E. (2006). Ground pine chips as a substrate 
for container-grown woody nursery crops. Journal of Environmental Horticulture, 
24(4), 181-184.  
 
Wright, R. D., & Browder, J., F. (2005). Chipped pine logs: A potential substrate for 
greenhouse and nursery crops. HortScience, 40(5), 1513-1515.  
 
Wright, R. D., & Jackson, B. E. (2008, 1 Aug. 2008). A new substrate for container crops. 
American Nurseryman, 26-32.  
 89 
 
Wright, R. D., Jackson, B. E., Browder, J. F., & Latimer, J., G. (2008). Growth of 
chrysanthemum in a pine tree substrate requires additional fertilizer. 
HortTechnology, 18(1), 111-115.  
 
Zhu, J. (2001). Plant salt stress John Wiley & Sons, Ltd.  
